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Nanoparticle—Polymer Synergies in Nanocomposite

Hydrogels: From Design to Application

Tao Chen, Kai Hou, Qianyi Ren, Guoyin Chen, Peiling Wei,, and Meifang Zhu*

Hydrogels are an important class of soft materials with high water retention
that exhibit intelligent and elastic properties and have promising applications
in the fields of biomaterials, soft machines, and artificial tissue. However,
the low mechanical strength and limited functions of traditional chemically
cross-linked hydrogels restrict their further applications. Natural materials
that consist of stiff and soft components exhibit high mechanical strength
and functionality. Among artificial soft materials, nanocomposite hydrogels
are analogous to these natural materials because of the synergistic effects
of nanoparticle (NP) polymers in hydrogels construction. In this article, the
structural design and properties of nanocomposite hydrogels are summa-
rized. Furthermore, along with the development of nanocomposite hydrogel-
based devices, the shaping and potential applications of hydrogel devices in

have limited their widespread applica-
tion.®1 Therefore, the development of
advanced hydrogel materials with desir-
able structures and enhanced mechanical
performance has become essential and
has inspired a large amount of research
effort. For example, Gong et al.'Z devel-
oped double network hydrogels (DN gels)
formed by an interpenetrating polymer
network (IPN) or semi-IPN, which exhib-
ited outstanding mechanical properties
with an elastic modulus of 0.1-1.0 MPa.
Okumura et al.™3l reported a series of
topological hydrogels (TP gels), in which
the figure-of-eight (such as a-cyclodextrin)

recent years are highlighted. The influence of the interactions between NPs
and polymers on the dispersion as well as the structural stability of nanocom-
posite hydrogels is discussed, and the novel stimuli-responsive properties
induced by the synergies between functional NPs and polymeric networks
are reviewed. Finally, recent progress in the preparation and applications of
nanocomposite hydrogels is highlighted. Interest in this field is growing, and
the future and prospects of nanocomposite hydrogels are also reviewed.

1. Introduction

Hydrogels are soft materials with high water content and 3D
cross-linked structures that consist primarily of homopoly-
mers or copolymers. They have already been used in various
fields including biomedicines,'=3! intelligent devices,** and
agriculturel”® because of their specific properties, such as
softness and elastic and intelligent properties. However, due
to the heterogeneous distribution of cross-linking points in
hydrogels, traditional chemically cross-linked hydrogels suffer
from various drawbacks, such as low mechanical strength,
a low degree of swelling, and a slow deswelling rate, which
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polymers were introduced as cross-linkers
to facilitate the free movement of polymer
chains and thereby to dissipate the tension
during severe deformations.

The nanocomposite hydrogel (NC gel)
created by Haraguchi et al. is another
important type of high-performance
hydrogel. NC gels consist of immiscible
stiff or soft components, and complex
nanoscale structures.'%*] A wide range
of nanoparticles (NPs), including ceramic
NPs (silica [SiO,], titanium [TiO,], etc.),'®'”] metal or metal-
oxide NPs (gold [Au], silver [Ag], iron oxide [Fe;O,], etc.),[18-20
carbon-based nanomaterials (carbon nanotubes [CNTs] and
graphene), 2123 and polymeric NPs (micelles, dendrimers,
nanogels, etc.),2*20 were successfully introduced into NC gel
networks by in situ polymerization, in situ growth of the NPs,
or physical mixing (Figure 1).1°%28] Comparing with neat poly-
meric hydrogels, the NPs play a significant role for the enhance-
ment of the structural stability of NC gel due to the multiple
interactions between NPs and polymers such as hydrogen
bonds, van der Waals interactions, and electrostatic interac-
tions. For example, the ionic bonds between cations of polymers
and anions of NPs as strong cross-linkers, provide elasticity to
NC gels. Moreover, the hydrogen bonds between amino or car-
boxyl of polymers and the oxygen-containing groups of the NPs
as reversible cross-linking could dissipate destructive energy by
breaking and reforming.2°=31

These NPs in the 3D polymer network not only serve as cross-
linkers to reinforce hydrogels, but also endow the hydrogels with
their characteristic functionalities. Furthermore, inspired by
natural materials with well-ordered structures, NC gels with ani-
sotropic and hierarchical fibrous structures have also attracted
considerable attention recently. Because of their long-range
ordered nanocomposite structure within the gel network matrix,
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hydrogels possess unique mechanical, optical, and biological
properties that are comparable to those of natural soft tissues
and enable adaptation to complex and dynamic environments.

In this article, based on the nanoparticle-polymer synergies,
we aim to summarize the recent progress on NC gels from
structural design to application (Figure 2). We give an overview
of types of NPs introduced into NC gel, and then discuss the
mechanical and stimuli-responsive properties associated with
the NPs. Moreover, along with the development of NC gels-
based devices, we summarize the novel-shaping strategies and
NC gel devices with diverse morphologies in macroscope in
recent years. Finally, we will highlight some of the recent rep-
resentative research work with emphasis on the novel applica-
tions of NC gels in various fields, including soft actuators, sen-
sors, drug delivery, and tissue engineering.

2. NPs for Nanocomposite Hydrogels

Different from neat polymeric hydrogels, the interaction
between NPs and polymer is the structural foundation of NC
hydrogels. NPs play a significant role for enhancement of the
structure of NC gel due to the multiple interactions between
NPs and polymers including hydrogen bonds, van der Waals
interactions, and electrostatic interactions. Three main strate-
gies have been widely used to introduce NPs into NC hydrogels
including in situ polymerization, in situ growth of the NPs,
and physical mixing.'*?7-28 In situ polymerization is suitable
for NPs with polar group on surface such as carboxyl (-COOH),
hydroxyl (-OH), and amino (-NH,), for example, laponite, gra-
phene oxide, dendrimers, which can form strong hydrogen
bonds and electrostatic interactions with monomers.'31:32]
And then the in situ polymerizations of hydrogels were
occurred to obtain hydrogels with stable structure and excel-
lent mechanical properties. In situ growth of NC gels is usu-
ally suitable for NPs with intrinsic functions but hardly surface
modified, for example, polyaniline NPs, metal and metal-oxide
NPs.12733] Physical mixing is a simple route to compound NC
gels by polymer and NPs directly. This strategy is not suitable
to prepare hydrogel with excellent mechanical properties due
to the weak interactions between polymers and NPs.l8l How-
ever, this strategy is appropriate for 3D printing, because the
compounding of polymers and NPs is an effective method to
enhance the viscoelasticity of polymer solution for extrusion in
3D printing, that will be discussed in Section 4.

In this section, on the basis of the progress of NC gels
recently, we emphasize on the classification of common and
new types of NPs, and mainly focus on the dispersion and
interactions of NPs in hydrogel. In addition, the functional and
constructional influences of NPs are also reviewed.

2.1. Carbon-Based NPs

Carbon-based nanomaterials, such as CNTs and graphene,
have been considered as ideal components to substantially
improve the performance of NC gels due to their excellent
multifunctionality, unique physicochemical and dimensional
properties.?23* However, the fabrication of homogeneous,

Macromol. Rapid Commun. 2018, 1800337

1800337 (2 of 26)

www.mrc-journal.de

Tao Chen received his

M.S. from Stevens Institute
of Technology in 2014,
majoring in material science
and engineering. Currently,
he is a Ph.D. candidate under
the supervision of Prof.
Meifang Zhu at Donghua
University. He is working

on the construction and
application of novel hydrogel
fiber materials.

Kai Hou received his Ph.D.
from Donghua University

in 2018. He currently holds

a postdoctoral position

at the college of Material
Science and Engineering,
Donghua University. He is
working on the establishment
of dynamic cross-linking
spinning for the large-scale
production of hydrogel fiber
from monomer solution. This
novel spinning technology
holds broad promise for fiber formation from traditionally
non-spinnable monomers.

Meifang Zhu is a professor
at Donghua University in the
College of Material Science
and Engineering, State Key
Laboratory for Modification of
Chemical Fibres and Polymer
Materials. She obtained her
bachelor’s and master’s
degrees in chemical fibers

at the Textile University

of China (now named
Donghua University) in

1986 and 1988, respectively.
In September 1999, she received her Ph.D. degree from
Donghua University jointly with the University of Dresden
in Germany. She then began teaching at Donghua
University. Her research interests include organic—inor-
ganic hybrid materials, nanocomposite hydrogel materials,
biomass fiber, and biomedical materials.

coherent, and transparent gels with pristine carbon nano-
materials is difficult because of the hydrophobic intrinsic
property of carbon materials. Therefore, the poor interfacial
compatibility between carbon materials and polymeric net-
works makes it difficult to form a strong coupling between
the two components for a desirable architecture.>> Therefore,
hydrophilic groups, such as —COOH, —OH, and pyridine
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Figure 1. Approaches used to fabricate NC gel. a) In situ polymerization of monomer in nanoparticle suspension; b) reactive nanoparticle synthesis
within gelled materials; c) physical embedding of nanoparticles into the hydrogel matrix after gelation.

groups, are normally introduced on the surface of CNTs or  polyelectrolyte CNTs/PAA NC gel.*® The hydrogen bonding
graphene through surface modification of the carbon mate- between pyridine groups grafted with CNTs and the carbox-
rials to increase the interfacial bonding between carbon and  ylic groups of the PAA is believed to play a significant role in
the polymer matrix.>>7] For example, pyridine-functionalized  strengthening the hydrogel networks.

CNTs were prepared by pyridine diazonium salt treatment Because the chemical functionalization disrupts the elec-
and introduced into the poly(acrylic acid) (PAA) to prepare a  tronic structure of pristine carbon nanomaterials, which reduces

Stimuli Responsive . _Application

= @

Fibrous Structure

Transmittance Volume Anisotropism

Nanocomposite Hydrogel

¥ Interaction

ial> SRS NS
Nanoparticles  Modified Nanoparticles Polymers
Covalent Bond Hydrogen Bond  Vvan der Waals lonic Bond ! i g}
Orderly Structure ydrog Interaction : Tissue Engineering

Figure 2. Schematic illustration of the structural design of nanocomposite hydrogels from polymer—nanoparticle interaction (covalent bonds, van der
Waals interactions, ionic bonds, hydrogen bonds) to external stimuli, and their potential application fields in soft robots, sensors and recognizers,
delivery and capture, and tissue engineering.
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the conductivity of composite gels,*® physical approaches,
such as polymer wrappingl***% and cellulose-assisted disper-
sion,"#l have been developed. Polymer wrapping, a common
technique that facilitates the transfer of carbon nanomaterials
to the aqueous phase, involves the utilization of polymers con-
taining aromatic groups, such as polystyrenesulfonate, which
can wrap around carbon materials through m—r stacking and
hydrophobic-hydrophilic interactions. For example, NC gels
consisting of poly(N-isopropylacrylamide) (PNIPAAm) and
PAA-micelle-encapsulated CNTs were prepared by Bai et al.[%
These encapsulated CNTs with cross-linked polymer shells were
obtained via a photo-cross-linking reaction of the self-assembly
of amphipathic azide diblock copolymers around CNTs. The
polymer shell was demonstrated to improve the CNTs dis-
persibility and the interactions between encapsulated CNTs
(E-CNT-PAA) and PNIPAAm (Figure 3a). However, the polymer
wrapping method might induce a relatively weak adhesion
between the wrapping molecules and the carbon nanomaterials.
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In addition, this surface coverage with polymer can perturb the
carbon—carbon contacts necessary for electron transfer.

The cellulose-assisted method enables the dispersal of carbon
nanomaterials in aqueous media to form long-term stable col-
loidal dispersions. Hamedi et al. found that the dispersive action
of nanocellulose is caused by fluctuations in the counterions on
the surface of the nanocellulose, which is helpful for forming
attractive interactions between the carbon nanomaterials and
nanocellulose.* Taking advantage of this behavior, Fu et al.
fabricated a poly(acrylamide) (PAAm) NC gel using cellulose
nanofiber (CNF) as a CNT dispersion agent, and the as-prepared
hydrogel exhibited excellent mechanical properties (Figure 3b)
and electrical performance due to the ideal dispersion of CNTs.[!

In summary, the addition of carbon-based NPs endows NC
gels with improved mechanical and multifunctional proper-
ties.[*3] However, the complicated processing approaches, the low
transparency, and the concern about in vivo biocompatibility of
the carbon-based NC gels are still on a rapid development path.

(ii)

Figure 3. Methods of CNT dispersion and corresponding NC gels. a) CNT dispersion with encapsulation copolymers: i) schematic illustration of
the encapsulation of a CNT with amphiphilic block copolymers and cross-linking under UV irradiation (254 nm); ii) photographs of the dispersion
of E-CNT-PAA in H,O and a mixed solvent of H,O and CH,Cl,; iii) photographs of PNIPAAm/(E-CNT-PAA) composite hydrogel under pressure and
recovery. Reproduced with permission.[*? Copyright 2017, American Chemical Society. b) CNT dispersion with incorporated CNF: i) photographs of the
CNF dispersion; ii) CNT dispersion without CNF, and iiij) CNT/CNF (wt% = 10:3) dispersion; iv) photographs of PAAm/(CNT-CNF) NC gel showing
excellent mechanical properties: knotting and stretching with a knot. Reproduced with permission.[*!l Copyright 2018, American Chemical Society.
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2.2. Metal and Metal-Oxide NPs

With the increasing popularity of hydrogels in various bio-
medical and biomimetic applications such as bioimaging,
biosensing, and biotracking, there is a growing need to engi-
neer hydrogels with magnetic, electrical, and optical stimuli-
responsive properties. Metal and metal-oxide NPs possess
these unique properties that cannot be obtained from poly-
mers. Due to the intrinsic antibacterial,*! ferromagnetic,*’!
and conducting properties,/*?l metal and metal-oxide NPs can
provide NC gels with antimicrobial activity, magnetic and elec-
trical properties which are suitable for biomedical applications.
Therefore, metal and metal-oxide NPs are ideal reinforcing
materials with great potential in preparing NC gels with unique
characteristics and tunable properties.[*l Diverse metallic NPs,
including Au, Ag, noble metal, and metal-oxide NPs, such as
titanium oxide (TiO,), iron oxide (Fe;O,), and zirconia (ZrO,),
have been successfully used to manufacture NC gels.[1214748]

However, due to the high surface energy and strong dipole—
dipole attractions among metallic NPs, achieving a stable dis-
persion in aqueous solution remains a challenge. Two main
methods have been developed to synthesize metallic NC gels
with a good dispersion of metallic NPs. The first is the in situ
growth of metallic NPs in the hydrogel matrix after gelation.*’]
Typically, hydrogels with a 3D network structure not only act as
a container for loading metallic NPs but also serve as a reactor
for the nucleation and growth of NPs. The second is the use of
reactive metallic NPs as cross-linkers to produce hydrogels with
free-radical polymerization.[””°>2l Compared with the first
embedding method, the latter approach results in metallic NC
gels with mechanical strength enhanced by strong interfacial
interactions between the polymer and surface-modified metallic
NPs. Specifically, a PNIPAAm/Au NC gel was prepared by the
free-radical polymerization of N-isopropylacrylamide (NIPAM)
monomer in an aqueous medium containing Au® ions.P’l
During the cross-linking polymerization process, catechol
groups were introduced into the PNIPAAm networks. The cat-
echol groups act as reducing agents for Au® ions to enable the
functionalization of the PNIPAAm network with Au NPs and
the simultaneous reinforcement of the hydrogel structure.

2.3. Inorganic Clay NPs

Clays, a series of minerals with diverse dimensions, such as
SiO, (0D), halloysite-nanotubes (1D), montmorillonite (2D),

www.mrc-journal.de

and synthetic hectorite (2D), are extensively used as nanofillers
in NC gels.?2%% One frequently used material is clay nano-
platelets, such as montmorillonite (MMT) and synthetic hec-
torite (laponite). The structure of laponite clay nanoplatelets
is illustrated in Figure 4. Each layer of the clay nanoplatelets
consists of one octahedral sheet sandwiched by two tetrahedral
sheets. The octahedral sheets usually contain cations, such as
aluminum (Al) ions and magnesium (Mg) ions, which are octa-
hedrally coordinated by oxygen, while the tetrahedral sheets
consist of silicon dioxide with negative charges due to partial
isomorphous substitution, typically of AI** by Mg?* in mont-
morillonite and of Mg?* by Li* in laponite.’* The basal plane
of these clay minerals has a permanent negative charge due to
the isomorphous substitution of cations within the octahedral
and/or tetrahedral layers by cations with lower valence. Because
hydroxyl groups occur on the edges of clay minerals, the charge
of the clay edge depends on the pH of the suspension medium.
The acidity of these hydroxyl groups is dependent on the type
of cations within the tetrahedral and octahedral sheet. In gen-
eral, the edge charge is positive in acidic suspension media
and negative in basic suspension media.l*”! Distinct from other
NPs, exfoliated 2D nanoclays (approximately 100 X 100 x 1 nm?
for montmorillonite)® with negative charge in polymeric
networks endow the resulting hydrogels with remarkable
mechanical properties because of their interfacial interac-
tions. Haraguchi et al. succeeded in preparing a series of NC
gels with good flexibility and transparent properties that can be
treated as rubbery materials. Notably, the content of clay can be
varied to tailor the mechanical properties and the swelling/de-
swelling kinetics of NC gels.'*l Specifically, PNIPAAm/laponite
NC gels with extraordinary high tensile strength (1.1 MPa) and
modulus (453 KPa) have been reported because the flexible pol-
ymer chains between the clay sheets could be elongated exten-
sively and reversibly without breaking.'% On the other hand,
due to the high biocompatibility of inorganic clay NPs, the NC
gels containing these NPs possess good potential applications
as biomaterials.

The optimal exfoliation of clay is a critical issue for its role as
a nanofiller in NC gels. For instance, MMT and laponite consist
of several paralleled layers, which are usually packed one above
another with exchangeable hydrated cations located between
the layers.>®! In order to prepare NC gels with high mechanical
performance, the electrostatic forces between the negatively
charged clay nanoplatelets and the interlayer cations must
be overcome. Because the swelling of the layered structure
depends on the exchangeable cations or intercalated species
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Figure 4. Schematic drawing of a) laponite tactoids and the exfoliation of laponite and b) the structure of laponite.
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in the interlayer space, the introduction of easily hydrated
cations (e.g., Na*) and organic cations is considered to be an
effective approach to the exfoliation process.’® The exfoliated
inorganic clay nanoplates can then be successfully introduced
into polymer networks to form NC gels. For example, sodium
pyrophosphate can form chelate complexes at the clay edge
with cations of the octahedral sheet, resulting in edges with
a permanent negative charge.’’l Having the same charge on
the surfaces and edges leads to strong electrostatic repulsion
between clay nanoplatelets and thus efficiently prevents their
agglomeration. Laponite XLS is a type of clay modified by this
method that can be dispersed easily in water to form a homoge-
neous solution with low viscosity even at a relatively high clay
concentration (under 10 wt%). In our previous work, we fab-
ricated PNIPAAm/Laponite XLS NC gels with extremely high
tensile strength (=1 MPa), which was attributed to the uniform
dispersion of clay nanoplatelets with high density in the hybrid
hydrogels.l>8l

2.4. Polymeric NPs

A series of polymeric NPs, such as dendrimers,?® hyper-
branched polymers,>! micelles,”* nanogels,/®” and core-shell
NPs,®! have also been developed for use in NC gel systems
for various applications. Because polymeric NPs usually pos-
sess multiple functional groups, NC gels can be endowed with
multifunctionality by the incorporation of these NPs into the
hydrogel network via covalent or non-covalent interactions. Pol-
ymeric NPs-embedded hydrogels have attracted great attention
for biomedical applications, including drug delivery and tissue
engineering, due to their ability to entrap hydrophilic or hydro-
phobic drugs with enhanced mechanical properties.[®?!

Dendrimers and hyperbranched polymeric NPs are attrac-
tive because of their highly branched and spherical structure,
which presents abundant surface functional groups, resulting
in better loading efficiency and higher reactivity than those of
hydrogels made from linear polymers.2*%3 For example, poly-
amidoamine dendritic NPs were physically incorporated within
collagen scaffolds to improve their mechanical stiffness, struc-
tural integration, and promotion of human conjunctival fibro-
blast proliferation, which are attributed to the numerous inter-
actions within the hydrogel network.[ In another example, the
limitations of poor drug loading efficiency and lack of control
over dendritic NPs with lower degrees of branching were both
overcome by incorporating hyperbranched poly(amino ester)
(HPAE)-5 NPs into hydrogel networks.[®! The periphery of the
hyperbranched polymeric NPs was modified with photo-cross-
linkable moieties to form a covalently cross-linked network via
UV exposure. The resulting hydrogel allowed the controlled
release of active ingredients for more than a week, which was
otherwise difficult to achieve with conventional hydrogels pre-
pared from linear polymers.

In addition to biomedical applications, polymeric NPs could
also be used to impart mechanical strength to hydrogels. For
example, a PAAm and polystyrene (PS) NP composite hydrogel
with excellent mechanical properties was prepared by a facile
method in our group.®®®’l This composite hydrogel was fab-
ricated using in situ free-radical polymerization with PS NPs
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as cross-linkers. Due to the uniform dispersion of NPs and
multicategory interactions among polymer chains, this com-
posite hydrogel displays excellent mechanical properties and
physicochemical stability. In addition, PS NPs were devel-
oped by embedding Fe;O, NPs through miniemulsion polym-
erization.*®! These hybrid PS NPs acted as both cross-linkers
and photoinitiators in PAAm hydrogel polymerization. The
resulting hydrogel displayed both good mechanical properties
and high magnetic sensitivity, suggesting potential applications
in magnetic devices and microfluidic valves.

3. Properties of Nanocomposite Hydrogels

NC gels not only could be prepared by several kinds of NPs or
polymers, but also could be obtained either by chemically cross-
linking polymers, or by physically cross-linking polymers.[22!]
The way in which NC gels are made can affect many properties
of NC gels, such as mechanical, optical, and stimuli-respon-
sive properties. In this section, some outstanding properties
of NC gels are discussed from synthesis approaches to further
applications.

3.1. Mechanical Properties

Appropriate  mechanical properties are indispensable for
hydrogel applications. However, traditional chemically cross-
linked hydrogels, such as N,N’-methylenebisacrylamide (BIS)
cross-linked hydrogels, have the disadvantage of weak mechan-
ical properties due to the heterogeneous distribution of their
polymer chains and molecular weights among cross-linking
points.[ Specifically, in heterogeneous chemically cross-linked
hydrogels, increasing the overall stress applied to the polymer
chains induces chain fracture and finally results in the destruc-
tion of the hydrogel structure.’®! In the past 10 years, many
novel strategies have been adopted to enhance the mechanical
properties of hydrogels via rational molecular and structural
design.l®*72l Among the resulting materials, NC gels have
proven to be promising for improving the mechanical proper-
ties of hydrogels effectively due to their excellent NP—polymer
synergies.

Typically, due to the reversible physical interactions between
polymers and NPs, the overload mechanical stress on the NC
gels could be effectively dissipated by spreading along with the
polymer chains mutually rather than concentrated. As a result,
the NC gel is less likely to form micro cracks under mechanical
stress, which avoids widespread failure and endows the NC gel
with good mechanical properties.l*>>8

To effectively enhance the mechanical properties of NC gels,
improving the dispersion of NPs is essential. For example, a
PNIPAAm/clay NC gel that exhibited remarkable increases in
tensile strength and modulus was prepared by Haraguchi.ll’!
This hydrogel could be elongated by more than 1000% due to
the excellent exfoliation and dispersion of clay in the hydrogel.
The nanoscale exfoliation and dispersion of clay nanoplatelets
into hydrogels helped to narrow the length distribution of the
polymer chains and avoid the concentration of stress, finally
resulting in superior tensile properties of the NC gel.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The multiple non-covalent interactions between NPs and
polymers are the main reason that NP dispersion improves the
mechanical properties of NC gels. In contrast with the cova-
lently cross-linked hydrogels, the amount of non-covalent inter-
actions, such as hydrogen bonds, van der Waals interactions,
and electrostatic interactions among NPs and polymers play sig-
nificant roles in the enhancement of mechanical properties due
to the reversibility of cross-links and the flexibility of polymer
chains. For example, a PAAm/graphene oxide (GO) NC gel was
fabricated by the in situ polymerization of acrylamide (AAm)
with dispersed GO as a cross-linker.?l The PAAm/GO NC gel
containing only 0.0079 wt% GO exhibited a tensile strength of
385 KPa and break elongation of 3435%. This improvement is
attributed to the effective stress dissipation because of the non-
covalent cross-links in the structure, such as hydrogen bonds
between the amide groups of PAAm and the carboxylic groups
of GO. Recently, cationic poly(acrylamide-co-2-(dimethylamino)
ethylacrylatemethochloride) (P(AAm-co-DAC)) hydrogels con-
taining GO as cross-linkers were fabricated by Liu et al.?% This
NC gel displayed good mechanical properties due to the mul-
tiple non-covalent interactions between P(AAm-co-DAC) and
GO (including ionic interactions between N(CHj;)* of DAC and
COO™ of GO, and hydrogen bonds between NH, of AAm and
the oxygen-containing group of the GO), which provided elastic
and reversible cross-linking to dissipate energy out. As shown
in Figure 5, this P(AAm-co-DAC)/GO NC gel exhibited not only
good mechanical properties, but also excellent self-healing effi-
ciency because of the multiple interactions between polymer
and GO.

Stretch
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In addition to the non-covalent interactions between NPs
and polymers, physical entanglement among polymer chains
could also enhance mechanical properties. For example,
poly(NIPAAm-co-AAm)/clay NC gels exhibit a higher tensile
modulus due to the synergistic effects of side chains with dif-
ferent lengths and the main chains." In particular, PAAm
molecular chains possess favorable elasticity due to hydrophilic
—CONH, side chains, while PNIPAAm molecular chains are
more rigid than those of PAAm because of the hydrophobic con-
taining —CONH(CHy3), side chains. When a tensile stress was
applied to P(NIPAAm-co-AAm)/clay NC gels, the main chains of
PNIPAAm were stretched, extended, and rearranged, whereas
the side chains of PAAm with their flexible hydrophilic groups
influenced the interactions between the poly(NIPAAm-co-AAm)
chains and clay. This dynamic chain entanglement was signifi-
cant for improvements in the mechanical strength of hydrogel.

Recently, the combination of multiple interfacial interactions
between polymers and NPs (such as non-covalent bonds and
physical entanglement) has also been found to enhance the
mechanical properties of hydrogel remarkably. For example,
micelle-encapsulated CNTs were incorporated with PNIPAAm
as cross-linkers to obtain a mechanically tough PNIPAAm/
(E-CNT-PAA) NC gel.* The encapsulated CN'Ts were obtained
by the self-assembly of amphipathic azide deblock copolymers.
The tensile strength and elongation of the NC gel were at least
3.5 times higher than those of neat PNIPAAm hydrogels. This
enhancement of the mechanical properties was attributed to
three aspects of the synergistic effects of CNTs and polymers:
i) the good dispersion of encapsulated CNT5; ii) the hydrogen
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Figure 5. Mechanical properties and self-healing properties of P(AAm-co-DAC) /GO composite hydrogels. a) The NC gels can be bent, knotted, loaded,
and stretched. b) The tensile stress—strain curves of the NC gels with different GO contents. c) A cylinder of the NC gel sample was cut in half; the
two-halves were contacted and a droplet of water was dropped on the cut surface for self-healing; after standing for hours, the healed sample can be
stretched to a large strain. Reproduced with permission.% Copyright 2017, American Chemical Society.
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Figure 6. Mechanical properties of the PNIPAAm/E-CNT-PAA composite hydrogels. a) Tensile stress—strain curves of the NC gel. b) True stress—true
strain curves of the NC gel. ¢) Tensile stress—strain curves of the NC gel during loading—unloading cycles. d) Typical compressive stress—strain. Repro-

duced with permission.l*% Copyright 2017, American Chemical Society.

bonds between carboxylic groups of the micelle and the amide
groups of PNIPAAm; and iii) the entanglements between the
polymer chains of the micelle and PNIPAAm. A scheme illus-
trating the encapsulated CN'Ts and the mechanical properties of
the NC gel is shown in Figure 6.

In addition, a new type of NC gel with gradient structure that
exhibits anisotropic mechanical properties has recently been
produced. When external fields are applied during the gela-
tion process, such as direct current (DC) electric fields,”>7%!
magnetic fields,”®”” and stress,”®! NPs tend to form an orderly
dispersion in the NC gels, revealing anisotropic mechanical
properties due to the anisotropic microstructure of the hydro-
gels. We will discuss the NC gel with anisotropic structure in
Sections 3.2.4, 3.2.5, and 4. Here, we have selected and sum-
marized some NC gels with enhanced mechanical properties,
as shown in Table 1.

3.2. Stimuli-Responsive Properties
The stimuli-responsive hydrogels can undergo reversible

physical or chemical changes after being exposed to external
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stimuli, such as pH, temperature, light, electric and magnetic
fields.®*%% By combination of diverse NPs and polymers, the
NC gels could obtain or strengthen multiple stimuli-responsive
properties. In this section, we will summarize the influence of
functional NPs on the enhancement of the stimuli-responsive
properties of NC gels.

3.2.1. pH-Responsive NC Gels

Polymeric hydrogels with ionic pendant groups can respond to
the environmental pH because of their abilities to accept and
donate protons. The resulting change in the net charge of the
ionized pendant group results in a rapid volume change in a
pH-sensitive NC gel due to the electrostatic repulsion among
the ionized groups. There are two types of common pH-respon-
sive hydrogels: cationic (such as PAAm with amine groups)
and anionic (such as PAA with carboxylic groups) hydrogels.
Due to the synergies of NPs and polymers, NC pH-responsive
hydrogels possess specific properties that differ from those of
traditional pH-responsive hydrogels and have promising poten-
tial for use.’192
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Table 1. Comparison of the tensile mechanical properties of various nanocomposite hydrogels.

Nanocomposite hydrogels Tensile strength [kPa] Elongation at break [%] Elastic modulus [kPa] Ref.
PVA-CNT 2060.1 267 570.0 [79]
PAAM/CNT-PAA 82.3 508 420.2 [39]
PNIPAAmM/CNT-PAA 97.4 465 - [40]
PAAM/GO 385.2 3435 285 [29]
PAA/BIS/GO 27.1 300 - 80]
PAAmM/SDBS/GO 155.4 2869 36.6 81]
PAA/Fe**/GO 776.8 2980 50.7 [82]
PAAM/GPO 650.2 3500 523 83]
PNIPAAm/Laponite 68.8 1112 4.0 [10]
PNIPAAm/Laponite XLS 1000.0 1348 7418 58]
PAAm/Laponite XLS 271.0 2509 10.8 [14]
P(NIPAAmM-co-AAm) /Laponite XLS 58 2004 - [84]
P(DMA-co-GMA) /Laponite XLG 13.7 >900 - [85]
P(NIPAAm-co-DAC) /Laponite RDS 250 450 - [86]
P(AMPS-co-AAm) /MMT 90.1 1618 - 187]
P(MEO,MA-co-OEGMA) /Laponite XLS 63.6 1145 29.37 [88]

GO nanosheets show amphiphilic characteristics due to the
existence of hydrophilic groups, such as —OH and —COOH,
on the hydrophobic graphene nanosheets. Meanwhile, the
dispersion of GO nanosheets in aqueous medium depends
on the environmental pH. In a strong acidic medium, GO
nanosheets tend to aggregate because of insufficient mutual
repulsion due to the protonation of the —COOH groups.*?!
Therefore, GO containing a pH-responsive NC gel always
exhibits a gelation state under acidic conditions and a gel-
sol transition in alkaline medium. For example, PAA/GO NC
gels containing a great number of —COOH groups belonging
to both the polymer and the GO deswelled at low pH (<4.5)
and swelled dramatically at higher pH (>4.5) due to the ion-
ized —COOH groups (pK, of PAA = 4.3).°Y The swelling
ratio of the PAA/GO NC gel was affected by both pH and GO
fraction.

In addition, the dispersion of nanoclays such as montmoril-
lonite and laponite is pH-dependent due to their edge charges,
which influence the ionization of the polymer in response
to pH. For example, a pH/temperature dual-responsive
NC gel was prepared by the incorporation of laponite into
poly(diethylacrylamide = (DEA)-co-(2-dimethylamino)  ethyl
methacrylate) (DMAEMA).’l The swelling ratio of the hydro-
gels varied in buffer of different pH values. DMAEMA is a
pH-sensitive monomer due to the protonation of its tertiary
amino groups, which results in the most obvious swelling ratio
at lower pH (such as pH = 2). The protonation of the tertiary
amine group promotes water uptake into the hydrogel and
therefore swelling due to the enhanced electrostatic repulsive
forces among positively charged ammonium groups. As a
result, the swelling ratio of poly(DEA-co-DMAEMA)/clay NC
gel in an acid environment was greater than that in an alkaline
environment, making these hydrogels promising for potential
applications in the biomedical field.
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3.2.2. Temperature-Responsive NC Gels

Since the pioneer Tanaka discovered the temperature-respon-
sive property of PNIPAAm hydrogel, thermo-responsive hydro-
gels have attracted considerable attention due to their potential
applications in many fields, including drug release, optical
device, and separation-adhesion.''#*% Generally, two types
of thermo-responsive hydrogels have been defined. One type
shows a phase transition from water-insoluble to soluble at the
upper critical solution temperature (UCST).! There are many
UCST-type polymers, including natural polymers such as gel-
atin and synthetic polymers such as PAA.LY In contrast, other
polymers show lower critical solution temperature (LCST)
behavior, which means that the hydrogels undergo a phase
transition from soluble to insoluble when the temperature is
above the LCST. Most LCST-type polymers contain hydrophilic
groups, such as (—CONH—), and hydrophobic parts (—R—).[
The synthetic polymer PNIPAAm, a well-known example of the
LCST-type polymers, has been intensively investigated in recent
decades.

In thermo-responsive NC gels, the thermally induced volume
change can be varied depending on the synergies of NPs with
polymers, making the swelling ratio of thermo-responsive NC
gels dependent on the NP fractions. With increasing NP con-
tent (higher cross-linking density), the polymer chains between
the cross-linking points became relatively short and too rigid to
display a substantial volume change. For example, PNIPAAm/
GO/clay hydrogels were prepared by in situ polymerization.’]
This NC gel underwent a rapid volume shrinkage at 34 °C
because of the LCST of PNIPAAm at =32 °C. GO nanosheets
and clay nanoplatelets in the hydrogels both restrained the
volume expansion during the swelling process. As a result,
hydrogels with higher GO fractions exhibited a lower swelling
ratio. Moreover, the response temperature of thermo-responsive

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
Rapid Communications

www.advancedsciencenews.com

NC gels can be adjusted by controlling the polymer—NP interac-
tions. Specifically, the conformational shift of the PNIPAAm
chain from hydrophilic coil to hydrophobic globular formation
upon heating above LCST (=32 °C) is significantly confined by
clay. The main reason is that with the increasing content of
clay, which forms hydrophilic edges and hydrophobic surfaces,
the hydrophilic-hydrophobic balance of PNIPAAm hydrogel
becomes influenced by the clay fractions, and as a result, the
LCST of PNIPAAm/clay NC gels is higher than that of normal
PNIPAAm hydrogel.3

To overcome the monotonous phase transition temperature
(approximately 32 °C) in traditional PNIPAAm-based hydro-
gels, our group recently prepared a novel NC gel with precisely
tunable UCST and LCST.* The thermo-responsive NC gel was
free-radically copolymerized in situ by 2-(2-methoxyethoxy)
ethyl methacrylate (MEO,MA) and oligoethyleneglycol meth-
acrylate (OEGMA) with inorganic clay (Laponite XLS) as a phys-
ical cross-linker. This novel P(OEGMA-co-MEO,MA)/clay NC
gel not only exhibited UCST and LCST simultaneously, but also
allowed the precise tuning of UCST and LCST over a wide tem-
perature range (between 5 and 85 °C) by adjusting the content
of OEGMA monomer and clay. As shown in Figure 7a,b,c, the
UCST and LCST were linearly influenced by OEGMA content
owing to the change in hydrophilic properties influenced by the
side chains of OEGMA. In addition, the UCST and LCST were
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nonlinearly influenced by clay content. Notably, lower clay con-
tent hardly induced the phase transition of hydrogel polymer
chains, and higher clay content restricted the flexibility of the
P(OEGMA-co-MEO;MA) chains. These novel thermo-respon-
sive NC gels could be applied in smart devices to monitor envi-
ronmental temperature changes by detecting the irradiance
intensity of a laser, as illustrated in Figure 7d.

3.2.3. Light-Responsive NC Gels

Light is an attractive stimulus due to its remote controllability,
high accuracy, and adjustable transmission and intensity, and
therefore, light-responsive materials are uniquely advantageous
for various applications. For example, some nanomaterials,
such as carbon-based and semiconductor NPs, possess photo-
thermal conversion properties, that is, the ability to absorb near
infrared (NIR) light (700-1100 nm) and transform it into heat
because of their favorable photothermal conversion properties
and high thermal conductivity. Thus, the combination of pho-
tothermal NPs with thermo-responsive polymers could endow
traditional thermo-responsive hydrogels with light-responsive
properties. For example, a novel PNIPAAm/GO NC gel could
be used as a remote light-controlled liquid microvalve.’® In
this device, GO could absorb NIR irradiation and then convert

(b)
50

N ¥, cs;=0-08x7-1.68x+49.05, R*=0.978
Y6 Yy =-0.23x+39.30, R*=0.992 ,
PR Juenr 011X 1.90x+24.04, R*=0.955, 7

\\
* -

P
wn

Bow
. R T I Y Lo
. p.. )

&
=}

- = "Fitlinc of LCST
-« Fitlineof Ty oo
l“:' Fit line of UCST]
R Y

w
w»
T

,-’é’é-"‘.'\‘“

Temperature ('C)
.

[
(=}
T
‘\'P'
N
-

>
N

1 ki 1 & 1 1 e 1 A

0.0 15 5.0 75 100 125 150 175 20.0
Clay content (%)

(d)

Figure 7. Temperature dependence of clay/P(MEO,MA-co-OEGMA) NC gels with different a) OEGMA molar ratios and b) clay content. c) Photographs
of clay NC gels at different temperatures: 25 °C, 37 °C, and 50 °C. d) Illustration of the NC gel as an optical transducer for detecting changes in envi-
ronmental temperature. Reproduced with permission./¥l Copyright 2015, Wiley-VCH.
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it efficiently into thermal energy, which resulted in a rapid
increase in local temperature and caused the volume of the
hydrogel in the liquid channel to change to “valve-on.”

In addition to carbon-based materials, metal and semicon-
ductor NPs have also been widely used to fabricate photo-
thermal NC gels.>-1%U A light-responsive P(NIPAAm-co-AAm)
hydrogel incorporating silica-gold NPs as a cross-linker with
photothermal conversion was reported in the use of a poten-
tial cancer therapy strategy because gold NPs can convert
NIR into local heat to cause tissue necrosis and chemothera-
peutic release.1%2] Recently, a novel NIR laser-switched CuS/
P(MEO;MA-co-OEGMA) NC microgel was prepared by using
PVP-modified Cu$ as a photothermal agent.'3] The PVP-mod-
ified CuS was dispersed homogeneously in the hydrogel, which
could generate heat under remote NIR irradiation and lead
to the phase transition of thermo-responsive P(MEO,MA-co-
OEGMA). This NC gel could be constructed as a smart fluidic
microvalve as Figure 8a shows. This fast and precise response
to NIR indicates the promise of NC gel for applications in intel-
ligent drug switches.

In addition, light is ideal for the accurate remote control of
the actuator. PNIPAAm/GO NC gel with asymmetrically lay-
ered structures designed to combine light-responsive properties
performed a programed shape transformation due to the inho-
mogeneous swelling-deswelling ratios of different layers.!*4
The photothermal conversion property of GO induced a faster
temperature increase in the PNIPAAm/GO layer, which
resulted in anisotropic swelling. Furthermore, gradient distri-
bution of photothermal NPs in hydrogel matrix could lead a

www.mrc-journal.de

gradient stress of hydrogel under NIR irradiation. For example,
the external DC induced a gradient distribution of negatively
charged GO in thermosensitive PNIPAAm matrix.l”” Interest-
ingly, these GO nanosheets were not only gradient-distributed
but also formed oriented structure in the hydrogel along the
direction of DC field. This NC gel with gradient and oriented
structure of NPs could show unique anisotropic mechanical
and light-responsive properties on macroscope (Figure 8b).

3.2.4. Electro-Responsive NC Gels

Conventional electro-responsive hydrogels are usually pre-
pared from synthetic and natural polyelectrolytes. Poly-
electrolyte hydrogels are generally ion-conductive, and their
electro-responsive behavior is considerably influenced by the
concentration and distribution of ions.'®! Electro-responsive
hydrogels generally undergo a swelling—deswelling transi-
tion and shape variation based on changes in microstructure
induced by an electric field.'%! For example, in a drug release
system, hydrogels deswelled in response to electrical stimuli for
drug release, and then the charged drug moved to the electrode
with the opposite charged.’! The electrical and mechanical
properties of conventional electro-responsive hydrogels can be
greatly improved by incorporating charged NPs, such as clay,
CNTs, and graphene.[106-108]

The incorporation of clays could not only enhance the
mechanical properties of hydrogels but also significantly
improve their organophilic properties.’ For example, an

¢ il
light on
e ¢ |

Figure 8. Light-responsive NC gel. a) Liquid hydrogel microvalves (in rectangular boxes) containing photothermal conversion NPs CuS and without CuS.
The photographs show the microvalves before and after NIR irradiation. Reproduced with permission.l'% Copyright 2017, Wiley-VCH. b) lllustration
and photographs of the actuation of the PNIPAAm/GO gradient NC gel before and after irradiation. Reproduced with permission.I’s! Copyright 2018,

American Chemical Society.
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Figure 9. Schematic illustration of the preparation of the gradient PNIPAAm/clay nanocomposite hydrogel in a DC field. Reproduced with permis-

sion.""4 Copyright 2018, Wiley-VCH.

amphiphilic chitosan-silica NC gel has been prepared in order
to achieve electrically controlled drug release.'’”] The drug
release was driven by the application of an electric field to
the chip-like NC gel device. In this case, the electrical stimuli
cause controllable drug release in vitro, ranging from burst-
like to slow elution patterns due to the combination of electro-
osmotic and electrophoretic mechanisms, which is convinc-
ingly related to the electrostatic interactions between hydrogel
and drugs.

CNTs with excellent conductive properties could be uti-
lized to simultaneously increase the electro-sensitivity and
mechanical properties of NC gels. For example, the incorpora-
tion of multiwalled carbon nanotubes (MWCNTS) into PMAA
hydrogels considerably enhanced the electro-responsiveness of
hydrogels and permitted the delivery of radiolabeled sucrose in
vivo over a short time under low voltage.['%’]

Reduced graphene oxide (rGO) has also been applied in
electro-responsive NC gels to enable drug release. The respon-
siveness of PVA/rGO composite hydrogels has been investi-
gated by using lidocaine hydrochloride as a hydrophilic sub-
stance.'' With the rGO content increased, the PVA/rGO
hydrogel became more negatively charged, which enhanced
electro-osmosis and reduced the interactions between rGO and
lidocaine. Therefore, the release rate of lidocaine was increased.
Compared with rGO and GO, pure graphene possesses better
mechanical, thermal, and electrical properties. However, few
electro-responsive NC gels have been fabricated with graphene
as a nanofiller. One of the major drawbacks is the resistive
heating caused by electrical stimulation. Ball-milled graphene
was incorporated into an electro-responsive PMAA hydrogel,
which could eliminate resistive heating due to the effective
heat dissipation capabilities of PMAA hydrogels.!'Y The sig-
nificant decrease in resistive heat resulting from the graphene-
containing NC gels for drug release allowed a corresponding
reduction in damage to skin and tissue.
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In addition, electrical stimuli could induce the formation of
gradient and orderly structures in NC gels. For example, a gra-
dient structure of PNIPAAm/clay NC gels could be prepared
by applying an external DC electric field during polymeriza-
tion.[”>7>112] The negative charge on the surface of the laponite
tends to move toward the anode in the electric field, which
induces gradient structure and anisotropic properties along the
direction of the electric field (Figure 9).''2 Based on the gra-
dient structure and stimuli-responsive properties of hydrogels,
a novel actuator was fabricated, which gave the gradient NC
gels good prospects in the fields of tissue engineering, artificial
organ, and sensor technology.

3.2.5. Magnetically Responsive NC Gels

Similar to electric fields, magnetic fields are clean and biocom-
patible even at clinically high field strengths. Thus, numerous
examples of magnetically responsive hydrogels have been devel-
oped for various applications, including drug delivery and soft
robots.[2296.113. 114 Magnetically responsive NC gels could be pre-
pared by the incorporation of magnetic NPs such as iron oxides
(y-Fe,03, Fe30,) into the hydrogel matrix. These NPs usually need
to be modified with ligands or wrapped in polymer nanospheres
to enable cross-linking with a hydrogel matrix.*”] Magnetically
responsive NC gels have attracted great attention in drug release
systems due to their biocompatibility, fast responsiveness, and
sensitivity to remote external magnetic fields. For example, Liu
et al. prepared magnetically responsive NC gels by the incorpora-
tion of Fe;04 NPs into PVA, which could then be applied in drug
release.'” The dosage of the drug released could be accurately
adjusted by varying the time at which the external magnetic
field was applied. In the magnetic field, the Fe;0, NPs became
aggregated, which resulted in the decreased porosity of the PVA
hydrogel. In this situation, the drug was restrained within the
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compact hydrogel network, limiting the diffusion of the drug out
of the hydrogel. Moreover, to avoid magnetically induced agglom-
eration, magnetic NPs should be stabilized by protective agents
and with suitable size. For example, silica is one of the most pop-
ular protective agents. A hydrogel based on chitosan crosslinked
with silylated magnetic NPs was synthesized as a drug delivery
system.'*®l In this hydrogel, the magnetic NPs could be tuned
from ferromagnetic to superparamagnetic by reducing their size
because of the quantum size effect.''1"8 Superparamagnetic
NPs show magnetism only under an external magnetic field but
become nonmagnetic without an external field, which helps to
overcome agglomeration.

Metallic NPs are well known to undergo magneto-thermal
conversion when magnetic fields are applied. Therefore, NC
gels based on thermo-responsive hydrogels and metallic NPs
could be remotely heated by external magnetic fields. For
example, a biodegradable and injectable thermo-responsive
NC gel based on chitosan and Fe;0,4 has been prepared, which
released the drug under a magnetic field stimulus.!''? Simi-
larly, alternating magnetic fields (AMFs) could also be applied
to drug release from magnetically responsive NC gels. Super-
paramagnetic iron oxide NPs can generate heat under an AMF,
which increases the temperature of the hydrogel over the phase
transition temperature to result in a volume change and their
emergence from the NC gel for drug diffusion.!2

In addition, some magnetically responsive NC gels possess
self-healing properties, which contributed to the incorporation
of magnetic NPs. Generally, hydrogels form fissures under
stress, which can influence the integrity of the network struc-
ture, resulting in loss of functionality.’?!] However, a novel
class of self-healing hydrogels possess the ability to repair them-
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selves and increase the lifetime of the materials. For example, a
magnetically responsive NC gel with self-healing properties was
prepared by the introduction of carboxy-modified Fe;O, NPs
into chitosan—PEG hydrogel.'??l The hydrogel fragments could
self-heal under magnetic fields in several minutes, whereas
hydrogels without magnetic NPs could not.

Furthermore, similar to the orderly structure of NC gels
formed by electric fields, magnetic 2D nanosheets such as GO
and titania nanosheets (TiNSs) can effectively form ordered
structures within NC gels under magnetic fields.'*123] For
example, an NC gel with a highly ordered structure was fab-
ricated by embedding TiNSs cofacially in PNIPAAm hydro-
gels.12?l Specifically, negatively charged unilamellar TiNSs
aligned coaxially in a strong magnetic field, maintaining max-
imal electrostatic repulsion and uniform face-to-face separa-
tion (Figure 10a). Because of the anisotropic structures caused
by electrostatically repulsive unilamellar TiNSs, the NC gels
exhibited remarkable optical and mechanical anisotropies
(Figure 10b,c).

Table 2 presents examples of NC gels that respond to tem-
perature, light, electricity, magnetism, and pH.

4. Shaping Nanocomposite Hydrogels

Since the development of NC gels, the main fabrication
approach has been a gelation-in-container process. Moreover,
the tendency for thermodynamic equilibrium in gelation leads
to homogeneity of the microstructure of the NC gel, which
induces isotropic responses in the swelling and turbidity of the
NC gel and confines its application to particular spatiotemporal
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Figure 10. Cofacially oriented TiNSs/PNIPAM NC gels controlled by a magnetic field. a) Preparation of TiNSs/PNIPAM NC gels with spatial
immobilization of cofacially oriented TiNSs during the gelation process. under a 10 T magnetic ﬂux b) Optical features of the obtained NC gel viewed
mechanical properties of the NC gels in vibration isolation under a mechanical oscillator: a glass stage and a metal sphere on a tee were supported
by three NC gel cylindrical pillars in directions i) parallel and ii) orthogonal to the cylinder cross section. Reproduced with permission.l®! Copyright
2015, Springer Nature.
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Table 2. Examples of nanocomposite hydrogels showing different
responsive properties with distinct NPs and polymers.

Nanocomposite hydrogels

Responsive
NC gels under
external stimulus NPs or polymers Ref.
Temperature Graphene and CNTs PNIPAAmM [40,97]
TiNS PNIPAAM [123]
Nanoclay P(MEO2MA-co-OEGMA) [4,124]
Near-IR light Graphene and GO PNIPAAmM [98,104,125-128]
CuS NPs P(MEO2MA-co-OEGMA) [103]
Electrical CNT PMAA [109]
PNIPAAmM [129]
Graphene PVA [110]
PMAA 111
Silica NPs Chitosan [107]
Nanoclay PVA-g-PAA [130]
Magnetic Iron oxide NPs PVA [115]
Chitosan [119]
PNIPAAmM [120,131,132]
pH Graphene PAA [80,94]
CNT P(AAm-co-SMA) [133]
Silver NPs PAAmM [134]
Nanoclay PAA [126]
P(DEA-co-DMAEMA) [135]

circumstances such as bionic devices and actuators.'3®! Cur-
rently, with the need for NC gels to act as intelligent materials
to perform complex structural and functional transformations,
such as biomimetic devices, robots, actuators, biomaterials,
etc., numerous types of NC gel with inhomogeneous structures
(gradient, orderly, hierarchical, multidimensional) have already
been assembled in conjunction with specific structural and
functional properties. One of the improvements in shaping NC
gel is the external field-induced gelation process, which could
generate a gradient and orderly microstructure in bulk NC gel.
Another advance is the fabrication of NC gels with multidimen-
sional macroscopic morphologies, such as microspheres (0D),
fiber (1D), membrane (2D), and other complex macrostructure.

This section aims to provide an overview of the current
advances in shaping NC gels via novel processing technology.
We mainly focus on the method to produce NC gels with par-
ticular micro- or macroscale morphologies and review the spe-
cific functions of NC gels caused by inhomogeneous structures.

4.1. Bulk NC Gel with Gradient and Ordered Structures

NC gels are a promising and significant intelligent material for
the formation of complex property transitions under external
stimuli due to their intrinsic structural and functional properties.
However, in real life, stimuli and response are always anisotropic,
which means that an NC gel with homogeneous microstructure
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has limitations because of the monotonous swelling and turbidity
transition of the NC gel induced by homogeneity. Based on the
theory above about the origin of inhomogeneities in hydrogels;
however, dynamic critical fluctuations in the pre-gel solution at
the onset of gelation are indispensable because these fluctuations
influence the thermodynamic equilibrium of the gelation pro-
cess.[137138] Recently, many types of external fields, such as tem-
perature,3%141 mechanical strain, #1471 electric fields,148150
and magnetic fields,'>'153 have been introduced to generate
dynamic critical fluctuations to obtain NC gels with gradient
structures and other ordered structures. In Sections 3.2.4 and
3.2.5, we have overviewed the orderly distribution of NPs induced
by magnetic and electrical fields. Herein, we mainly focus on the
effects of other external factors, especially mechanical force and
temperature, on inhomogeneity in polymer hydrogels.

Chia-Hung Chen fabricated a PPy/PNIPAAm NC gel with
a well-defined gradient porous structure via the ingenious
combination of thermal initiation and gradient pressure by a
hydrothermal process.'¥ In this process, the free-radical vinyl
polymerization and dehydration polymerization of monomers
(NIPAAm and 4HBA) occurred sequentially because the novel
heterobifunctional monomer (4HBA) possesses a reactive
C=C bond and a less reactive —OH at either end of the mol-
ecule. The pressure gradient generated by the hydrothermal
reaction resulted in a diminishing concentration gradient of
the hydrogel from the top to the bottom of the hydrothermal
reactor. As a result, a PPy/PNIPAAm NC gel with a gradient
porous structure was obtained. This gradient structure was
beneficial for performing directed shape transformation in
the swelling state, which could be triggered remotely by NIR
stimuli, as shown in Figure 11.

In addition to the gradient structure, NC gels with orderly
microscopic structure have also attracted increasing attention
recently due to their mechanical, optical, swelling, and other
properties compared to those of homogeneous hydrogels. Two
types of NC gels with orderly structures were obtained: hydro-
gels with oriented NP distributions and hydrogels with ordered
porous structures. One strategy to achieve the orientation of
NPs in the NC gel is the incorporation of nanocomposites and
the application of controlled external fields. Mechanical forces,
such as stretching and shearing forces, are also effective strat-
egies to generate orderly arrangements of NPs, resulting in
hydrogels with anisotropic properties. It has been reported that
the distribution of clay NPs in clay/PNIPAAm NC gel was trans-
formed from random to oriented along the stretching direction
and further induced anisotropic optical properties in clay/PNI-
PAAm hydrogel (Figure 12a).°>15¢] Recently, Gong established
a stretching method for the in situ synthesis of hydroxyapa-
tite (HAp) particles with an orderly structure in a hydrogel
matrix.'* A hydrogel containing precursors of HAp (calcium
chloride and dipotassium hydrogen phosphate) was stretched to
generate oriented polymer microstructures. As a result, aniso-
tropic mineralization of HAp took place in the stretched hydro-
gels. The mechanism is that the elongated void-free region,
which has been proven to be the region in which HAp grows,
restricted the growth of HAp in the direction perpendicular to
the stretching direction (Figure 12b). Schmidt fabricated highly
extensible nanocomposite hydrogel fibers with good align-
ment of clay NPs, which effectively enhanced the mechanical
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Figure 11. Hydrothermal synthesis of a gradient porous hydrogel and the process of the hydrogel lifting weights, triggered by NIR laser irradiation.

a) Scheme illustrating the reaction process of the hydrothermal formation of a gradient porous hydrogel and SEM images showing a cross section
view of the hydrogel. b) The process of the hydrogel lifting weights up under laser irradiation. The scale bar is T mm. Reproduced with permission.

Copyright 2015, Wiley-VCH.

properties of hydrogels. In addition to the stretching-induced
orderly distribution of hydrogel NPs, the application of shear
force during the gelation process has also been shown to be
a feasible strategy. Wu and Zheng reported that hydroxypro-
pylcellulose NPs could adopt an orderly distribution in hydro-
gels when shear force was applied during the gelation process,
resulting in anisotropic swelling and mechanical properties that
do not appear in hydrogels with homogeneous structures.[140]

In addition to the induction of orderly NP distributions by
external fields, regular porous-like fibrillar, columnar, and
lamellar hydrogel structures were also successfully obtained.
Freeze-casting appears to be a universal strategy for the con-
struction of NC gels with orderly porous structures because
pre-gel solutions and gelled hydrogels are both suitable for
freeze-casting methods. In this process, ice was used as the
pore template. Due to the growth of ice crystals along the
freezing direction, the polymer matrix of the hydrogel was sepa-

154]

rated from water and formed an orderly porous structure. Ding
prepared a series of NC gels with biomimetic cellular structures
containing alginate and electrospun fibers by freeze-casting.['*’]
These NC gels exhibited super elasticity and high water reten-
tion, and these properties were attributed to the strong orienta-
tion of the porous structural units perpendicular to the com-
pression direction (Figure 13).

4.2. NC Gels with Low-Dimensional Structure

Typically, due to the fluidity of pre-gel solution, hydrogels are
always fabricated in containers with a specific shape, leading
to monotonous macroscopic structural properties. Recently,
advances in NC gel shaping have yielded a new generation of
hydrogels with diverse macroscopic structures. In addition to
traditional bulk hydrogel (3D), microspheres (0D),*7:67157] fibers

Non-stretch Stretch

- I » . l l . E
! J :

of of Nl
Hydroxyapatite (HAp) :

c-axis of HAp
o S—— w500 NM
Anisotropic growth
- PAAm only

Figure 12. Hydrogels with ordered nanoparticle distribution. a) The structural changes of PNIPAAm chains and clay nanoplatelets in NC gels from
random orientation to plane-orientation via uniaxial stretching. Reproduced with permission.l>¢l Copyright 2014, AIP Publishing. b) Mechanism and
transmission electron microscope (TEM) of the anisotropic growth of Hap crystalline rods in hydrogel. Reproduced with permission.*Zl Copyright
2017, American Chemical Society.
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Figure 13. NC gel with ordered cellular structures obtained by freeze-casting and results of compression test. a) Schematic illustration of the
freeze-casting synthesis steps: 1) homogenized alginate/nanofiber dispersions were obtained by high-speed homogenization; 2) the dispersions were
freeze-dried into alginate/nanofiber composite aerogels; 3) NC gels were fabricated by AI** cross-linking; photograph of resulting NC gel. b) Schematic
illustration of the inversion of the nanofibrous cell walls under compression and fatigue compression test with 1000 cycles and & = 50%. Reproduced

with permission.['3 Copyright 2017, Wiley-VCH.

(1D),[144158-160l membranes (2D)'1°1 (shown in Figure 14), and
multidimensional structures reconstructed from low-dimen-
sional hydrogels have been shaped spatiotemporally to perform
particular functions, such as in human organ replacement and
soft robots. Several novel techniques, such as patterning,[162163]
electrospinning, 141 templating,'®! microfluidics,!'*”1%8! and
3D printing,[1>%16%1701 have been successfully established for
the fabrication of NC gels with low-dimensional structures. In
addition to hydrogel microspheres and membranes, which have
been deeply studied for several years, hydrogel fiber is regarded
as a promising low-dimensional material with particular spa-
tiotemporal properties, such as a high length/diameter ratio,
flexibility, and knittability, which are suitable for the reconstruc-
tion of complex multidimensional structures.

Extrusion, '’ gelation in capillaries,”®172 and templating!'’’]
can produce hydrogel fibers from nanoscale to microscale
with limited length. Furthermore, several novel techniques
have been established to fabricate continuous hydrogel micro-
fibers, including surface modification,'”#17°l microfluidics,
electrospinning, 3D printing, and dynamic cross-linking
spinning.[176177]

A. P. H. J. Schenning grafted a spiropyran-NIPAAm layer
onto the surface of cotton fabric by ATRP.I'V4 This novel
hydrogel-modified textile possesses dual sensitivity to light and
temperature stimuli and could be utilized in intelligent clothing
for temperature and humidity management. Khademhosseini
produced continuous alginate-coated PU fibers and utilized
them as scaffolds in tissue engineering with diverse multiple
structures by weaving technique.'”?!

A microfluidic device is a type of integrated micron-size
reactor with high precision that has been widely used in nano/
microgel fabrication. Recently, microfluidic spinning techniques
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have been established for hydrogel fiber production because
microfluidics possess a fiber-shaped channel in which fiber
formation and gelation can occur simultaneously. Typically,
as shown in Figure 15a, the microfluidic device was used to
extrude nanocellulose crystal composite hydrogel fiber. Sev-
eral aqueous nanoparticle suspensions (inks), which contained
nanocellulose, solution of CaCl,, and dye with diverse color,
were supplied to inlets (1)—(4) of the device. After modified with
XYZ-directions, composite hydrogel fibers could be obtained in
purpose.l'78 In addition, the microfluidic strategy can be used
to produce fibers with diverse morphologies and multiple com-
ponents, such as hollow, thermosensitive, or magneto-sensitive
fibers, by the delicate design of microfluidic structures.*”]

3D printing is an advanced technology for the fabrication
of fiber-based hydrogel devices with complex macroscopic
structures. In a typical 3D printing process, the pre-gel solu-
tion is extruded along a predetermined route and then gelled
to form a particular fiber-based device. One of the most impor-
tant parameters of 3D printing is the rheological behavior of
the pre-gel solution. A pre-gel solution with excellent fluidity
is not stable for 3D printing because the extruded pre-gel solu-
tion must be stable before gelation.'””) Nanocomposite tech-
nology is an effective method to adjust the rheological behavior
of the pre-gel solution. In a representative strategy, the house-
of-cards structure formed by the electrostatic repulsion of clay
(Laponite XLG) enhances the physical interaction between
monomer and clay, thereby reducing the fluidity of the pre-
gel solution. With increasing clay content, gelation occurs, but
the pre-gel solution always possesses shear-thinning behavior,
enabling it to undergo extrusion followed by regelation. As a
result, extruded pre-gel solutions have self-supporting prop-
erties and form a fiber shape (Figure 15Db).'] Moreover,
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Figure 14. Low-dimensional nanocomposite hydrogels. a) Schematic illustration and morphologies images of PANI/GO composite hydrogels for-
mation and further shaping/reduction process. Reproduced with permission.'®l Copyright 2018, Wiley-VCH. b) Schematic and photographs of the
formation of 0°, 45°, 90° bilayer PNIPAAm hydrogel by the electrospinning of aligned and random layers. Reproduced with permission.['®! Copyright
2016, Wiley-VCH.
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Figure 15. Three examples of hydrogel microfibers fabrication via different techniques. a) Schematic and photograph of the microfluidic device and
as-prepared composite hydrogel fibers with diverse colors and fluorescence. Reproduced with permission.'78 Copyright 2018, Wiley-VCH. b) Schematics
of nanoclay-enabled 3D printing approach and photographs of printed bridge structure (scale bar: 2 mm). Reproduced with permission.'® Copyright
2017, American Chemical Society. ¢) Schematic illustration of the fabrication of CNC/PEGDA microfibers via dynamic-cross-link-spinning and the
polymerization process under drawing force shown in an enlarged schematic; SEM images of the surface and cross-sectional morphology of CNC/
PEGDA hydrogel microfibers in different magnifications. Reproduced with permission.'’8l Copyright 2017, Elsevier.
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cellulose nanocrystals (CNC) and SiO, have also been utilized
as rheological assistants to improve the viscoelasticity of the
pre-gel solution for 3D printing.[170:180]

Recently, we established a novel dynamic cross-linking spin-
ning process for producing hydrogel fibers on a large scale with
no complex instruments.!'’%177] The pre-gel solution was stabi-
lized in a fiber shape by self-gravity after extrusion and then
gelled by UV-induced free-radical polymerization to obtain
hydrogel fiber with a precisely controlled diameter by adjusting
the spinning parameters such as the extrusion rate, winding
speed, and concentration. In addition, CNC/PEGDA NC fiber
was successfully obtained by dynamic crosslinking spinning
(DCS) during the rheological investigation of a nanocomposite
pre-gel solution. The novel DCS method is convenient for
the large-scale production of hydrogel fibers, which has great
promises for hydrogel device reconstruction (Figure 15c).!7%

5. Applications of Nanocomposite Hydrogels

In recent years, with the improvement of hydrogel shaping
technology and functional design, NC gel-based materials have
emerged as promising intelligent devices in many fields. In
this section, we aim to summarize novel current applications
of NC gels based on advances in their functional and structural
design, including soft robots, sensors, drug delivery, and tissue
engineering.

Above 36°C
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5.1. Soft Robots

Artificial soft robots are flexible devices that can perform com-
plex and programed motions driven by external commands. NC
gels with controllable mechanical properties can convert diverse
environmental stimuli, including temperature, light, humidity,
phase and volume change, without structural failure, making
them an ideal candidate for artificial soft robots that can per-
form macroscopic actuation by structure and shape transitions
under external stimuli.l1t112.113]

For use in NC gels-based soft robots, NC gels with aniso-
tropic structures, such as asymmetric structures, gradient
structures, alignment structures, etc. must be fabricated.
Based on the synergistic action of each domain of NC gel with
a well-designed anisotropic structure, NC gels could achieve
programed macroscopic actuation under external stimuli.['8!
An important type of hydrogel robot possesses a membrane
structure. For example, a bilayer soft actuator composed of
thermo-responsive CNTs/PNIPAAm NC gel and a low-density
polyethylene (LDPE) substrate is shown in Figure 16a.l'8%
When the actuator was placed in warm water (48 °C), the
volume shrinkage of the deswelled CNTs/PNIPAAm layer
generated a stretching force at the interface of the hydrogel
and LDPE and then led to regional self-folding until a
hydrogel cube was obtained. Moreover, the unfolding process
occurred at a temperature below the LCST of PNIPAAm,
which demonstrated that the shape transition process was
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Figure 16. Soft actuator driven by responsive shape-morphing hydrogel. a) Programmable PNIPAAm cube actuators could fold in a 48 °C water bath
and reversibly unfold in 20 °C. Reproduced with permission.[82 Copyright 2011, American Chemical Society. b) Serial cycling images of a closed gripper
with poly(propylene fumarate) (PPF) segments on the outside opening when the temperature was decreased to below 36 °C and then folding by itself
to a closed gripper, but with the PPF segments on the inside. Simulation snapshots suggest that the extent of gripper folding depends on the tempera-
ture and the swelling function, ¢. Reproduced with permission.'*! Copyright 2015, American Chemical Society. c) Photographs of the light-controlled
walking motion of poly(stearyl acrylate-co-methacrylic) /rGO NC gels. Reproduced with permission.l'?®l Copyright 2015, Wiley-VCH. d) Unidirectional
procession of microcosmically ordered structure of an NC gel actuator consisting of cofacially oriented TiNSs within a PNIPAAm hydrogel matrix.
Reproduced with permission.[23] Copyright 2015, Springer Nature.
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reversible. In addition, by combining the swelling—deswelling
of the NC gel layer with the non-swelled substrate layer, a soft
robot that could perform bidirectional activity was obtained.
For example, a set of PNIPAAm-based thermo-responsive
hydrogel grippers were prepared by a serial photolithographic
method.!3! The two-layer (thermosensitive and thermo-inert
layer) hydrogel grippers were actuatable and self-folding, and
they exhibited bidirectional bending upon alternate heating
and cooling (Figure 16b). NC gels with gradient structures
also underwent programed shape transitions because of the
gradient structure, which was generated by external fluctua-
tions such as electric fields and pressures during the gelation
process.

Furthermore, inspired by animals, many biomimetic robots
have been fabricated based on bulk hydrogels.2¢183 For
example, the swimming bladders of fish inspired soft robots
containing rGO displaying “standing” and “walking” motions
under NIR laser stimuli, as shown in Figure 16¢.I'28] The den-
sity of the robot was changeable via the melting/crystallizing
transition of the polymer, which was induced by variations in
temperature. When NIR irradiation was applied to the cen-
tral part of the robot, the robot exhibited a “standing” pose.
When the irradiation position was altered from left to right,
the robot performed a stepwise movement. This NC gel-based
robot could carry out programed movement due to the asym-
metric structure generated by specified locations of the NIR
stimuli.

An anisotropic hydrogel robot with an orderly structure on a
microscopic scale carried out a more complicated movement.

www.mrc-journal.de

This thermo-responsive actuator based on PNIPAAm/TINS
NC gels with an orderly structure was fabricated in a mag-
netic field.'?)l Due to the magnetic field-induced oriented
distribution of the TiNS nanosheets, the prepared NC gels dis-
played an anisotropic shape transition in response to thermal
stimuli (Figure 16d). After heating from 25 to 45 °C, the robot
walked forward, and the centroid toward the front side was
altered because of the elongation of the backfoot. In contrast,
the robot moved backward after cooling down because of the
backfoot shortening, but the centroid of it was restricted to a
backward shift, which led to an actual forward motion. These
anisotropic features of the NC gels could give rise to diverse
applications that are difficult to realize with conventional
hydrogels.

Currently, NC gel fiber-based materials have been developed
and attracted attention because the fiber is a 1D material with
an oriented structure and can be woven into a complex ordered
structure. Among these materials, fiber-based biomimetic
hydrogel robots have attracted much attention. Mahadevan
et al. reported a series of NC gel fiber-based biomimetic
plants constructed via 3D printing.['>”! These plants can trans-
form into a complex structure after swelling because of their
well-designed structures and anisotropic swelling behavior
(Figure 17). This anisotropic swelling behavior occurred due
to the orientation of NPs in the extrusion process and resulted
in fiber that exhibited anisotropic swelling behavior and under-
went a macroscopic change in shape after construction, which
is beneficial for designing complex hydrogel devices to perform
accurate motions.

Swellin
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Figure 17. NC gel fiber-based biomimetic petals prepared by ink printing. a) Schematic of the shear-induced alignment of cellulose fibrils via direct ink
writing, and the effects of strain () and stiffness (E) on anisotropic swelling behaviors of the NC gel fiber. b) The complex flower morphologies during
time-lapse sequences in the swelling process with bilayers oriented at 90°/0° and 45°/45° with respect to the long axis of each petal. Reproduced with
permission.['*l Copyright 2016, Springer Nature.
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Figure 18. NC gel-based sensor and recognizer. a) Schematic design and real-time capacitance signals of PAA/amorphous calcium carbonate NC
gels in the process of finger motion (bent and straight). Reproduced with permission.['® Copyright 2017, Wiley-VCH. b) Anti-counterfeiting property
of PNIPAAmM/rGO NC gel stripes as dynamic barcode labels, including monocolor stripe barcode, composite bicolor stripe barcode, and 2D stripe
barcodes of structural color under NIR scanning. Reproduced with permission.[5] Copyright 2017, Wiley-VCH.

5.2. Sensors and Recognizers

A sensor is a device that responds in a distinctive manner
after receiving a signal or stimulus (strain, light, or biological
elements). In contrast to actuators, strain sensors can convert
mechanical energy into other types of energy, such as elec-
trical'81%5] and optical signals.'®® The excellent mechanical
properties and multiple stimuli-responsive properties of NC gels
make them ideal materials for sensors. For example, a novel
bioinspired physically cross-linked PAA/aliginate/calcium car-
bonate NC gel was prepared as a capacitive ionic skin sensor.'84
This NC gel-based pressure sensor was constructed by inte-
grating two hydrogel films with a dielectric layer. According to
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the relationship between deformation and capacitance, pressure-
induced expansion of its area increases the capacitance of the
device. This sensor can be applied to detect many types of subtle
stress, including those derived from daily activities, including
water droplets and human motion. As shown in Figure 18a,
hydrogel deformation caused by finger bending led to a drastic
increase in capacitance because of the conductive path variation
in the hydrogel during the deformation process. The hydrogel
sensor also exhibited characteristic signal patterns that could
be used to detect laughter, speech, and blood pressure when
attached to the throat or wrist. All these applications show the
great potential of NC gels as strain sensors for use in artificial
intelligence, personal healthcare, wearable devices, etc.
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In addition to strain sensors, NC gels could also be applied as
biosensors. For example, a semi-wet fluorescent sensor was pre-
pared by integrating supramolecular hydrogels with MMT.[187]
Cationic coumarin dye molecules were intercalated into the
space of the MMT interlayer to probe for biomarkers (spermine
and spermidine) in order to evaluate the efficiency of cancer
chemotherapy. The exchangeable cations of cationic fluores-
cent dyes aggregated on the surface of MMT and then could
be replaced by polyamines through electrostatic interactions,
resulting in color changes. This is a promising simple method
for early cancer diagnosis.

Furthermore, an NC gel-based recognizer with NIR-
responsive properties was prepared recently. rGO-based NC gels
not only exhibit reversible bending behavior under NIR irradia-
tion but can also be used as NIR-triggered dynamic barcode
labels in anti-counterfeiting measures for diverse products./'’]
As shown in Figure 18b, self-assembled PNIPAAm/rGO
hydrogel stripe patterns with multiple widths and colors could
quickly and obviously shift from red to green in monocolor
stripes, whereas a shift from red to blue and green stripes
became invisible in a bicolor striped barcode. By combining
two individual hydrogel stripes with different colors and com-
positions, 2D striped barcodes with unique hidden encoding
information could be obtained.

5.3. Vehicles for Delivery and Capture

The porous structure of hydrogels permits the loading of var-
ious drugs into the polymer matrix. Moreover, the incorpora-
tion of NPs could not only avoid the undesired degradation of
loaded drugs but also enable the targeted release of the drug
in vivo.'8 Cationic drugs and neutral drugs could be bound
in NC gels through their interactions with negatively charged
or active sites on the surfaces of NPs, such as inorganic nano-
platelets.l'8199 For example, negatively charged MMT nano-
platelets were encapsulated in abundant doxorubicin, a neutral
drug, by hydrogen bonding and electrostatic interactions within
an NC gel consisting of carboxymethyl chitosan and MMT.[1%1
The release of the drug from the NC gel was correlated with
the breaking of the interaction and dissolution of the hydrogel.
Meanwhile, the addition of MMT could improve the resistance
of hydrogels to dissolution, which could affect the release rate
of drugs. In addition, NC gels display responsive properties as
described above, potentially enabling targeted drug release in
vivo by the application of external stimuli. For example, a drug-
loaded NC gel incorporating the NIR-sensitive material AuNPs
into  poly(N-acryloylglycinamide-co-acrylamide) ~ (PNAAm)
hydrogels could be remotely controlled by extracorporeal NIR
irradiation. NIR can penetrate tissues with minimal harm, and
could serve as an external stimulus to induce targeted drug
release (Figure 19a).1'’]

Instead of drug delivery, NC gels could also be used as cap-
ture tools based on programed motivation and adsorbability.
For example, by applying a particular external magnetic field,
a magnetic-responsive NC gel gripper could be directionally
guided toward a programed location.['3!l This type of gripper
could grip and excise cells from a fibroblast cell clump at this
specific location, as shown in Figure 19b. By controlling the
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external magnetic field and temperature, this gripper could
move to the cells that need to be excised and grip them. In
addition to cell capture in vivo, the NC gel could also be
used as a promising dirt cleaner in the industries.['21%3 For
example, an NC gel consisting of colloidal silica NPs and
benign polysaccharides has been exploited in pipeline main-
tenance in a wine distillery.12 This type of NC gel possesses
good biocompatibility, environmental degradability, and a
wide processing range due to the simple chemical compo-
nents of the hydrogel and its shear-thinning behavior. When
pumped through the pipe, the hydrogel performed greatly and
enhanced scouring of the piping over the industry standard
(KOH clean method).

5.4. Tissue Engineering

Tissue engineering requires that the materials possess tissue
repair and regeneration ability, which can be obtained by com-
bining biomaterial scaffolds, biologically active factors, and
stem cells."" Among the various types of biomaterials, NC gel
is an ideal platform in tissue engineering due to its excellent
mechanical properties, high biocompatibility, and biomimetic
structures.[19>1%]

Diverse types of NPs, such as hydroxyapatite (HA), CNTs,
and nanoclays, have been successfully combined with bio-
molecules to fabricate biocompatible NC gels. Due to the
specific properties of NPs and hydrogels, such NC gels have
been proven as scaffolds for organizing the proliferation and
differentiation of stem cells to regenerate into the desired
tissue. For example, silicate nanoclays were incorporated into
photo-cross-linkable gelatin hydrogels for tissue regeneration
therapy.l'”) Nanoclays were shown to promote the survival,
migration, proliferation, and in situ differentiation of encap-
sulated human stem cells due to their osteoinductive proper-
ties. The in vivo biocompatibility and local noninflammatory
interactions of the implanted silicate nanoclays were inves-
tigated. The implanted NC gels were retrieved on day 3 and
day 14 to examine the immune reactions of the host to the
implanted hydrogels. The results illustrated that increasing
the content of silicate nanoclay in the NC gel was positively
related to the increase in immune cells and inflammatory
cells. These experiments prove that the combination of func-
tional NPs with biocompatible polymers is beneficial for the
proliferation and differentiation of stem cells in tissue engi-
neering and regenerative medicine.

In addition to the influence of NPs on the proliferation and
differentiation of stem cells, the structural properties of hydro-
gels, including mechanical properties and microstructures,
have been proven to influence tissue regeneration. Recently,
inspired by the ordered structure of articular cartilage, a gra-
dient hydrogel consisting of 2D nanosilicates cross-linked with
cell-adhesive polymer gelatin and non-cell-adhesive polymer
methacrylated kappa-carrageenan (MkCA) was prepared by
a gradient of UV exposure time.' The resulting gradient
structure of pore size could promote cell differentiation along
the scaffold for bone-cartilage regeneration. In addition, the
gradient NC gels could successfully control cell encapsula-
tion and cell morphology, which demonstrated their potential
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Figure 19. Nanocomposite hydrogels act as vehicle for drug delivery and cell capture. a) Schematic illustration of NIR-sensitive PNAAm/AuNPs
composite hydrogel and its application of on-demand drug delivery. Reproduced with permission.l®*l Copyright 2018, Wiley-VCH. b) Poly(N-isopropy-
lacrylamide-co-acrylic acid) /Fe,O3 NC gel-based thermal- and magnetic field—controlled soft grippers. (a) Grippers moved between two marks using
a magnetic probe due to the magnetic sensitivity of Fe,O3 nanoparticles; capture and excision of cells from a live fibroblast clump; gripper with the
excised cell inside. Reproduced with permission.l'3"l Copyright 2015, American Chemical Society.

application to direct cell fate within the network and to direct
cell differentiation without changes in the growth factors. By
incorporating ordered structures and NPs, these composite
hydrogel scaffolds display enhanced cell adhesion and prolifera-
tion as well as improved mechanical performance.

6. Conclusion and Outlook

From the first development in 2002 by Haraguchi, nanocom-
posite hydrogels have attracted increasing attention because
of their specific mechanical and functional properties. In this
article, we have summarized the excellent mechanical tough-
ness and prominent responsiveness to stimuli (such as light,
electricity, temperature, magnetism, and pH) of NC gels. From
the perspective of structural design, recent trends have focused
on incorporating inorganic NPs, such as carbon-based, metallic,
nanoclay, or polymeric NPs, into 3D polymeric networks to pro-
duce NC gels with desirable functionalities for adaptation to
complex environments. NC gels show great promise for appli-
cations in multiple fields, including drug delivery, smart actua-
tors, tissue engineering, and sensors.

We hope that future publications on NC gels, from design
to applications, will provide new ideas for the fabrications
and applications of a new generation of functional NC gels
and their devices. Although some new types of NPs with
useful intrinsic properties have been introduced into NC
gels, the relatively poor interfacial interactions between the
polymers and NPs dramatically influenced the mechanical
properties and structural stability of the hydrogels in applica-
tion. Therefore, researching the surface modification of NPs
remains an important approach to enhance their interfacial
interaction with polymer through well-designed bonding and
structure. In addition, efforts have been made to fabricate NC
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gels with anisotropic structures. However, the methods for
obtaining the anisotropic structure of NC gels currently rely
on specific external stimuli, which are not universally prac-
tical for large-scale production. Similarly, preparing NC gels
on a large scale for industrial capacity is always a challenge.
Therefore, NC gels with anisotropic structures and properties
need to be fabricated in large amounts. Currently, advances
in processing techniques, such as 3D printing, microfluidic
reactors, dynamic cross-linking spinning and extrusion, pro-
vide broad opportunities to develop large-scale NC gels with
designed structures. Thus, we believe that with the continued
development of processes from the design to fabrication of
NC gels, new types of NC gels with orderly structures, excel-
lent mechanical properties, and novel responses to stimuli
will be fabricated for use in innovative applications in the
fields of biomedicine, sensors, actuators, and biomimetic
materials.
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