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Hydrogels are polymeric three-dimensional network structures with high water
content. Due to their superior biocompatibility and low toxicity, hydrogels play a
significant role in the biomedical fields. Hydrogels are categorized by the composition
from natural polymers to synthetic polymers. To meet the complicated situation in the
biomedical applications, suitable host–guest supramolecular interactions are
rationally selected. This review will have an introduction of hydrogel classification
based on the formulation molecules, and then a discussion over the rational design of
the intelligent hydrogel to the environmental stimuli such as temperature, irradiation,
pH, and targeted biomolecules. Further, the applications of rationally designed smart
hydrogels in the biomedical field will be presented, such as tissue repair, drug delivery,
and cancer therapy. Finally, the perspectives and the challenges of smart hydrogels
will be outlined.
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INTRODUCTION

Hydrogels are cross-linked three-dimensional hydrophilic networks with the ability tomaintain large
amounts of water with tunable biocompatibility, biodegradability, acute environmental sensing, and
mechanical properties (Huang et al., 2017; Palmese et al., 2019).

Hydrogels can be designed by the incorporation of natural or synthetic polymers through
physical or covalent cross-linking. Their properties can be adjusted to meet the diverse
applicable demands by the variation of hydrophilic and hydrophobic proportion or the
addition of active recognition motif (Ferreira et al., 2018; Kasiński et al., 2020). Hydrogels
are considered to be the most prospective alternative materials for soft tissue due to
their exceptional mechanical properties (Li and Su, 2018; Wang W. et al., 2018). The
excellent properties endow hydrogels as superb materials for local drug delivery or external
stimuli sensing which make them more functional in biomedical applications than traditional
chemical sensors.

As shown in Figure 1, the mini review will have an introduction of classification by
hydrogel-forming molecules that present the structural basis for intelligent hydrogel
design. There are also other classifying standards exploited by other reviews, such as
cross-linking type (Hu et al., 2019; Sharma and Tiwari, 2020). Meanwhile, the discussion
on the molecular pros and cons in designing is included. Then, the rational design of
intelligent hydrogels to the environmental stimuli such as temperature, irradiation, pH, and
targeted biomolecules is presented in the biomedical applications, such as tissue repair, drug
delivery, and cancer therapy. Finally, the perspectives and the challenges of smart hydrogel
design will be outlined.
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CLASSIFICATION OF HYDROGELS

Hydrogels can be divided in two categories by the forming
molecule types, natural polymer and synthetic polymer.
Commonly, naturally derived hydrogels including cellulose
(Isobe et al., 2018), chitosan (Ouyang et al., 2018), alginate
(Hao et al., 2017), and agarose (Bilal et al., 2019) which are
common in the natural environment. They keep their
biochemical and biocompatible properties with the host
tissue (Pena et al., 2018), although with relatively weak
mechanical strength, difficulty in reproducing accurate
formulation and drug loading, and potential immunogenic
risks. Synthetic polymers are man-made polymers derived
from polymerized of monomer. Hydrogels made of synthetic
polymers like poly(ethylene glycol) (PEG) (Cruz-Acuna et al.,
2018), poly(vinyl alcohol) (PVA) (Zhang Y. et al., 2019), and
synthetic biopolymers including peptide (Mondal et al., 2020)
and DNA (Gačanin et al., 2020) possess high water absorption
capacity, well-defined structure, wide varieties of raw
chemical resources, and intelligent reply to different
stimuli. Herein, the inherent nature of hydrogel-forming
molecules is focused on to discuss the structural basis for
hydrogel forming and corresponding hydrogel application.

Natural Polymer
Chitosan
Chitin, a natural mucopolysaccharide, is one of the most
plentiful polysaccharides on earth, ranking second to
cellulose (Tao et al., 2020). Chitosan is the major derivate of
chitin obtained from the deacetylation of chitin. It is reported

that hydrogels made of chitosan have wound-healing,
antitumor, and hemostatic properties (Antony et al., 2019;
Peers et al., 2020), due to its negligible toxicity and good
biodegradability. However, most high molecular weight
chitosan is insoluble in water caused by strong
intramolecular hydrogen bonding, which hinders the
applications. To overcome the limitation, functional addition
of hydrophilic groups on the amine and hydroxyl group is a
convenient approach to tune the solubility (Alizadeh et al., 2019;
Li N. et al., 2019). Sheng et al. (2020) synthesized a novel
bioactive photothermal hydrogel based on N,
O-carboxymethyl chitosan incorporated fayalite (Fe2SiO4),
which could release bioactive ions with mild heating function
to in wound area to enhance angiogenesis and chronic wound
healing.

Alginate
Alginate is a natural, anionic linear polysaccharide composed by
two types of rudimentary copolymers, 1,4-β-D-mannuronic acid
(M) and 1,4-α-L-guluronic acid (G) which are organized in a
block (-M-M-M- or -G-G-G-) or alternating (-M-GM-G-)
configuration. Alginate is able to chelate with divalent cations
to form physical hydrogels such as Ca2+ and Ba2+ with G block
which prompts the generation of ionic bridge between nearby
polymer chains (Sheng et al., 2020). The proportion of the
repeated units and the length of the chain will change the
function of polymer. The exceptional features of alginate, such
as good biocompatibility, biodegradability, and low toxicity, have
endowed it with outstanding performance in tissue engineering,
drug delivery, and 3D bioprinting (Rastogi and
Kandasubramanian, 2019; Zhao et al., 2020b; Axpe and Oyen,
2016). Although the inadequate mechanical stability, poor cells
adhesiveness and relatively slow degradation in vivo hinder the
further in vivo application. Garcia-Astrain and Averous (2018)
developed a novel alginate-based hydrogel via Diels–Alder click
reaction by furan–alginate polymer and bifunctional cross-linkers
with different swelling and degradation behaviors. The alginate-
based hydrogel could be wonderful candidates to apply in
biomedical fields.

Agarose
Agarose, a neutral linear polysaccharide derived from marine algae,
is composed of D-galactose and 3,6-anhydro-L-galactose linked
disaccharide units. The gelling mechanism of agarose depends on
the aggregation of double helices formed by intermolecular
hydrogen bonds (Cambria et al., 2020). The feature of
biocompatibility, biodegradability, and strong gelling upon gentle
conditions renders agarose biopolymer extremely appealing as a
promising biomaterial in antiviral treatment, cancer therapy, and
colorimetric biosensing (Kim et al., 2020; Lima-Sousa et al., 2020;
Zhao L. et al., 2020). The hindrance in biomedical applications lies in
the low emulsifying activity and low cell attachment ability (Kumar
et al., 2018; Xiao et al., 2020). However, the property of agarose
hydrogel can be readily modified by incorporation with other
biopolymers. Specially, mixing with chitosan can significantly
ameliorate hydrogel properties, such as mechanical and cell-
adhesive ability (Bilal et al., 2019).

FIGURE 1 | Schematic diagrams showing the rational design of smart
hydrogels.
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Hyaluronic Acid
Hyaluronic acid (HA) with linear structure and molecular weight
ranging from 6,500 to 10,900 kDa is a component of all connective
tissue (Jensen et al., 2020). It is an anionic and non-sulfated
glycosaminoglycan composed of alternating units of a repeating
disaccharide, composed by D-glucuronic acid and N-acetyl-D-
glucosamine (Ahmadian et al., 2019; Murthy et al., 2019). HA
is abundant in proliferative tissues during embryogenesis,
regeneration, and carcinogenesis as it is a suitable environment
for cell migration and proliferation (Sánchez et al., 2020). HA-
based scaffolds have been prepared in the form of hydrogels (Silva
Garcia et al., 2019), meshes (Chen et al., 2020), and sponges (Liu J. Y.
et al., 2018). HA and its derivatives are also widely applied to
dermal fillers (Bukhari et al., 2018), wound dressings (Graca et al.,
2020), drug delivery (Huang and Huang, 2018), and tissue
engineering (Pandit et al., 2019) due to its extraordinary water-
retaining ability, biocompatibility, biodegradability, hydrophilicity,
and non-immunogenicity (Choi et al., 2019). However, due to the
molecular structure and molecular weight, HA can form soluble
molecular networks but not just physical form. Thus, to generate
HA hydrogels, chemical modifications, covalent cross-linking, and
gelling agents are recommended (Trombino et al., 2019). To
improve the stability and biological half-life, HA is modified
with hydrophobic groups to develop with other superior
properties (Huang and Huang, 2018). Various modification
methods like esterification and auto reaction with divinyl
sulfone are utilized to design the properties of HA (Bermejo-
Velasco et al., 2018; Zhang M. et al., 2019). For example, Kwon
et al. (Kwon et al., 2019) modified HA with different chemical
groups to quantify its binding affinity to CD44, which was applied
to explore the downstream effects of modified HA hydrogel on
mesenchymal stromal cell chondrogenesis.

Other Natural Polymers
Other naturally derived polymers such as gelatin, collagen,
dextran, cyclodextrin, and fibrin also have been inclusively
applied at tissue repair (Klotz et al., 2016), wound healing
(Ying et al., 2019), and drugs delivery (Wu et al., 2014; Liu
et al., 2016; Liu G. et al., 2018). Among these natural polymers,
gelatin is a biodegradable protein, mainly derivate of porcine or
bovine (Gibbs et al., 2016), with good biocompatibility,
biodegradability, plasticity, and adhesiveness. But the high
hygroscopicity and poor mechanical properties restrict their
applications (Wang et al., 2019). Collagen is one of the
extracellular matrix proteins. Their osteoinductive is especially
suitable for cartilage repair, but poor strength and fracture
toughness become a barrier for their applications (Lu et al.,
2019). In regard to gelatin and collagen, blending with other
polymers or modified by functional groups was commonly
adopted to improve their applications. Dextran is a linear α-1,
6 linked D-glucopyranose residues with excellent biocompatibility
and chemical functionality (Du et al., 2019). Fibrin is generated
by the polymerization of fibrinogen to form fibrillar scaffold.
When tissue injury happened, fibrin clot was formed by
fibrinogen and platelets. As for dextran and fibrin, they have
been approved by the FDA and widely employed in biomedical
applications, such as anti-inflammatory (Lee et al., 2018; Tanaka

et al., 2019) and tissue regeneration (Marcinczyk et al., 2017) drug
delivery.

Synthetic Polymers
PEG
PEG is a water-soluble, non-immunogenic, and biocompatible
molecule, which is nontoxic, inert, and suitable for use in medical
products. PEG has linear and branched structures with two or
more terminal hydroxyl groups. Those two hydroxyl groups can
be further functioned with other groups, providing versatility for
hydrogel preparation or biomolecule conjugation (D’Souza and
Shegokar, 2016). Their excellent properties such as
photopolymerization, adjustability, and controllability make
PEG hydrogels a promising tool for drug delivery system
(Zhu, 2010). Recently, PEG hydrogel serves as versatile
biocompatible scaffolds with tunable stiffness precisely
mimicking physiological and pathological microenvironments
(Crocini et al., 2020). However, due to the bio-inert nature,
PEG hydrogels cannot supply an ideal circumstance for
sustaining cell adhesion and tissue formation alone (Lin and
Anseth, 2009). Nam et al. (2019) created hydrogels through
modification of PEG to alginate. This study showed that the
total amount of PEG grafting onto alginate could regulate stress
relaxation and would be a novel approach to tune stress
relaxation in alginate hydrogels.

PVA
PVA, a synthetic hydrophilic polyhydroxyl polymer, has been
accepted by the FDA as a biocompatible and nonantigenic
compound (Yu F. et al., 2018). The varying molecular weight
of PVA makes it versatile in polymer properties such as
crystallizability, adhesion, and mechanical strength. Due to the
ease of modification and favorable mechanical property, PVA has
been largely employed in tissues such as the bone (Cheng et al.,
2020), heart (Wu et al., 2018), nerve (Ribeiro et al., 2017), and
vascular network (Li Z.J. et al., 2019). Especially, the viscoelastic
properties are close to articulatory and meniscal cartilage,
prompting them notably appealing biomaterials for applying
in tissue engineering. However, the insufficient elasticity, rigid
structure (Kamoun et al., 2015), and calcification in biological
fluids for longer time (Hill et al., 2011) limited their applications.
Thus, scientists are focusing on developing novel feature of PVA
by mixing with other polymers, cross-linking, or grafting
(Kamoun et al., 2017). In order to obtain superior PVA
mechanical properties, various approaches have been
attempted to fabricate hydrogels by regulating the physical,
non-covalent cross-links, such as blending with gelatin,
chitosan, and PEG (Charron et al., 2019). For example,
Golafshan et al. (2017) design a new PVA–alginate hydrogel,
which could supply with damp surroundings and be beneficial for
accelerating wound healing.

Peptide
Peptides are composed of amino acids that are suitable synthetic
polymer for the design of therapeutics and biomaterials (Sis and
Webber, 2019). Due to the designated structure and chemical
feature, peptides can be programed from secondary structure
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motifs to superior structure at nanoscale (Singh et al., 2017). The
superb biodegradability, biocompatibility, bioactivity, and
responsiveness make them potential in biomedical applications
(Wang et al., 2017; Waduthanthri et al., 2019). Peptide self-
assembly is usually driven by its amphiphilic characteristics to
form peptide hydrogel. The assembly process could be reversed
by external trigger, such as pH (Wiedman et al., 2017),
concentration (Lim et al., 2017), and temperature change
(Wang Y. et al., 2018; Matt et al., 2019). However, the
mechanical properties of self-assembling peptide hydrogel are
often weak (De Leon Rodriguez et al., 2016) because the utilized
synthetic peptides are usually short peptides with less than 30
amino acids (Radvar and Azevedo, 2019). To improve the
mechanical property, one strategy is to combine peptides with
other polymeric networks, through covalently linking peptides to
polymers, or by non-covalent interactions between peptides and
polymers (Kopecek and Yang, 2012). For example, Clarke et al.
(2017) prepared hybrid hydrogels composing of a poly
(γ-glutamic acid) polymer and self-assembling β-sheet peptides
by physically cross-linking with superior strain stability. In this
work, they tuned the mechanical properties of the hydrogels by
changing the β-sheet peptide grafted density and concentration to
obtain hydrogels analogous to soft tissue.

DNA
Synthetic DNA, originated as a genetic molecule, possesses a
distinct and fascinating characteristic, such as accurate base-
paring recognition capability, sequence-dependent
designability, and tunable multi-functionality (Zhou et al.,
2020). These super properties offer exquisite platform for the
forming functional hydrogels. DNA can be self-replicated to be
long strands to cross-link each other to form RCA hydrogel
(Geng et al., 2018). These designs make advantages of the DNA’s
merits can endow the formed hydrogel with high designability
and precise controllability (Shahbazi et al., 2018). The presence of
functional DNAmakes DNA hydrogel a good platform to sensing
the external stimuli (Ma et al., 2017; Khajouei et al., 2020).
However, because of multiple drugs or signal molecules are
small molecules, DNA hydrogel networks show high
permeability toward them. Besides, hydrophobic drugs add
additional barriers in drug containing by DNA hydrogels
because of the low encapsulating efficiency. Therefore, it is still
a challenge to apply responsive DNA hydrogel in biomedical drug
delivery (Lyu et al., 2018).

Other Synthetic Polymers
Apart from what we have mentioned above, there still exist other
synthetically derived polymers (Wu et al., 2012; Pang et al., 2014;
Zhang et al., 2018; Huang et al., 2019) used for hydrogels forming,
such as poloxamers (like poloxamer 407(F127), poloxamer188(F-
68)), and poly (N-isopropylacrylamide) (PNIPAM). Poloxamers
are amphiphilic tri-block copolymers of poly(ethylene oxide)
(PEO)–poly(propylene oxide) (PPO)-PEO. Poloxamers are
extensively used in the drug delivery system and tissue
regeneration scaffolders due to their good biocompatibility and
solubility, low cytotoxicity, and superb rheological behavior
around body temperature. Poloxamers form hydrogels above

the lower critical solution temperature (LCST) while
remaining solution when below it (Russo and Villa, 2019).
PNIPAM with amide and propyl moieties made sol–gel
transformation at about 32°C. PNIPAM forms hydrogels above
32°C driven by their hydrophobic interaction of propyl groups
(Haq et al., 2017). They are widely applied in tissue engineering
(Han et al., 2016) and drug delivery (Cao et al., 2019). F127 and
PNIPAM are regularly used for thermo-responsive polymer. But
their applications are limited by fast dissolution in aqueous
solution for F127 and low bioactivity for PNIPAM (Lin et al.,
2019; Yap and Yang, 2020). Therefore, F127 was modified with
carboxymethyl hexanoyl chitosan to retard the dissolution of
F127 (Yap and Yang, 2020). And PNIPAM is usually mixed or
copolymerized with natural derived polymers to adjust its
properties (Atoufi et al., 2019).

Multipolymer
Multipolymer hydrogels are mainly involved interpenetrating
polymer network (IPN) and semi-IPN (Ahmed, 2015). IPN is
made of two independent interlaced polymer networks. Semi-
IPN consists of at least one hydrogel network with one additional
linear or branched polymer. Comparing with conventional
homopolymer/copolymer hydrogels, multifunctional and
multipolymer hydrogels are more widely employed in
biomedical and pharmaceutical applications because of the
several advantages, enhanced physical and mechanical
properties, tunability, and targeting (Matricardi et al., 2013;
Pacelli et al., 2018). Polysaccharides such as alginate, HA, and
chitosan and proteins including gelatin and collagen are widely
used to forming IPN or semi-IPN hydrogels. For example, Park
et al. (2019) fabricated a hydrogel based on IPN by integrating
gelatin with silk fibroin. Here, gelatin supplied for cell adhesion
and proliferation with superior bioactivity and silk fibroin
provides with excellent mechanical properties and
biocompatibility. The resultant hydrogel showed more
improved mechanical properties than one component alone.
They would be promising in biomaterial applications. Das
et al. (2019) developed a semi-IPN hydrogel with improved
mechanical properties by cross-linking alginate with synthetic
polymer via free radical polymerization. It is a potential
application for drug delivery vehicle.

SMART HYDROGEL IN BIOMEDICAL
APPLICATION

By far, hydrogels can be formulated with various polymers to
endow them diverse functionality in biomedical applications.
Based on the responsive stimuli, smart hydrogels could be
divided into physical, chemical, and biochemical responsive
hydrogels. They are extensively applied in biomedical fields,
including therapeutic delivery (Liang Y. et al., 2019), contact
lenses (Alvarez-Rivera et al., 2018), corneal prosthesis (Koivusalo
et al., 2019), wound healing (Zhang et al., 2020), bone
regeneration (Bao et al., 2020), and tissue engineering (Kaiser
et al., 2019; Tresoldi et al., 2019; George et al., 2020; Wang et al.,
2020).
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Physical Responsive Hydrogels
Precisely, rational design for smart hydrogel in biomedical
application is needed according to the inherent property of
hydrogel and the molecular constructure, to meet the detailed
and trivial demand of the practical biomedical applications.

Generally, physical stimuli such as temperature, light, and
electricity can be easily modified, which make it the prioritized
option for biomedical applications (Saludas et al., 2017).

Thermosensitive Hydrogels
Thermosensitive hydrogel is the most extensively evaluated and
conventional type of stimuli-responsive gel system. They are
defined by their capability to swell or shrink with the
surrounding temperature changing (Ullah et al., 2015). The
volume change is based on the proportion of hydrophobic and
hydrophilic groups in the hydrogel-forming molecules. As in the
water content hydrogel, the cross-linking force including the
hydrophobic interaction and hydrogen bonding will vary as the
temperature changes (Fan et al., 2019). Diverse biomaterials such
as chitosan, agarose, and HA (Xu X. et al., 2019; Makvandi et al.,
2020) are evolved and used for thermosensitive polymers to design
smart hydrogels in the past.

There are diverse applications for thermosensitive hydrogels,
including bacterial infected wound healing (Yan et al., 2019),
tumor treatment (Jia et al., 2020; Qin et al., 2020; Yuan et al.,
2020), and tissue regeneration (Zhao C. et al., 2020). Recently,
Almoshari et al. (2020) synthesized an intelligent hydrogel by
blending pyrophosphorylated Pluronic F127 (F127-PPi) with
regular F127 to contain the hydrophobic glycogen synthase
kinase 3 beta inhibitor, which could provide functions of
inflammation modulating and osteoanagenesis. The solubility
of inhibitor was improved by the amphiphilic F127 polymer at
room temperature which makes it suitable for drug loading.
Nevertheless, F127 transforms into a hydrogel state under
physiological temperature with sustaining release behavior for
localized therapeutics.

LCST based coil-to-globule transition of the crosslinker is the
driven force to achieve thermosensitive sol–gel transformation
(Graham et al., 2019). LCST of the crosslinker is determined by
types of substituted hydrophobic groups and their molecular
weight (Dai et al., 2019). Polymers, such as PNIPAM family,
poly(d,L-lactide)–poly(ethylene glycol)- (PLEL) and
polysaccharides, endow hydrogels with a unique feature of
thermosensitive. By variation of end groups of NIPAM, the
LCST can be tuned in the range of 32.8°C–45.3°C (Xia et al.,
2006). Below LCST, the polymers are soluble. Above LCST, they
become insoluble and result in gel forming. Zheng et al. (2020)
employed catechol-modified quaternized chitosan, combined
with PLEL to fabricate an injectable thermosensitive hydrogel
with antibacterial and tissue adhesive properties. The PLEL
polymer was in a random coil configuration when below its
LCST. When the temperature reach above LCST, PLEL polymers
aggregated together to form micelles with the hydrophilic PEG
outside and hydrophobic poly (d, L-lactide) inside, respectively.
The subsequent entanglement of PEG fragment causes the
gelation of PLEL solution which in turn enhances the tissue
adhesion at physiological temperature. The animals experiment

revealed that the thermosensitive hydrogel could effectively close
the broken skin and conspicuously facilitate wound healing.

Photosensitive Hydrogels
Photopolymerizable hydrogels attract considerable interest in
drug delivery and tissue engineering fields because of their
ability to be remotely administered in the formation of
hydrogel by in-situ photopolymerization. The light stimulus,
commonly UV or near-infrared light, can be imposed instantly
and delivered with space-time accuracy, allowing overall control
of the hydrogel formation with tunable properties (Meng et al.,
2019; Joshi, 2021). When the hydrogel encapsulates the
photosensitive materials, according to the photothermal or
photodynamic properties, the hydrogels can be divided into
two types. One is the addition of the photothermal material
into the hydrogels which converts the light energy into heat
energy (Jia et al., 2020; Zhao et al., 2020a). The other is the
insertion of photodynamic moieties into the hydrogel structure
which can support controllable photodynamic therapy (Chang
et al., 2019). When the network of hydrogel is composed by
photosensitive molecules (Wang et al., 2014; Fedele et al., 2018),
including azobenzene, spiropyran, and o-naphthoquinone, after
the light irradiation, molecular alteration will bring in hydrogel
network changes. The ruthenium, nitrophenyl, and coumarin
compounds, in which there are photo-cleavable groups, can be
bonded to the hydrophobic end of the hydrogel crosslinker or
scaffold. The ester group is broken to release the hydrophobic end
under the light irradiation which will turn the gel–sol change or
other property variations (Grim et al., 2015; Yao et al., 2018).

Photosensitive hydrogels are extensively applied in cell culture
and 3D tumor microenvironment studies (Dong et al., 2018).
Through optical fiber localized irradiation, Cai et al. (2019)
designed a 3D photosensitive hydrogel in the nerve guidance
conduit by utilization of phenyl azide to find that the
photosensitive hydrogels formed inside maintain the collagen
locally and have a better cell adhesion and survival rate.
Expectantly, the system would be a promising hydrogel
scaffold for spinal cord injury repair.

Shape Memory Hydrogels
Shape memory hydrogels (SMHs) possess the properties of shape
memory transformation from temporary shape to eternal shape
upon exposure to the stimuli, which endow them great potential
in tissue engineering and drug delivery (Korde and
Kandasubramanian, 2020; Liang et al., 2019a; Löwenberg et al.,
2017). The SMHs have at least two types of hydrogel networks.
One is the permanent hydrogel network to maintain the eternal
shape. The other one is the transient network to turn the shape
into a temporary shape and subsequent response to
environmental stimuli to reverse. Traditional SMHs are
evolved from the shape memory polymers which mainly
contain the hydrophobic moieties to render thermo-responsive
behavior (Osada and Matsuda, 1995; Behl et al., 2013). When
altering the transient network to photosensitive structure, such as
azobenzene, the SMHs display a smart shape alternation upon
certain wavelength irradiation (Miyamae et al., 2015; Pan et al.,
2016). When the supramolecular ligands are incorporated, the
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SMHs can response to copper ion (Löwenberg et al., 2017) and
silver ion (Löwenberg et al., 2017). Recently, Liang et al. (2019b)
prepared a SMH by synergetic integration of 2-phenoxyethyl
acrylate (PEA) with acrylamide (AAm). The hydrogel possessed
strong mechanical strength and by tuning the gel formation at
body temperature, the SMH would be a promising tool for
transcatheter arterial embolization. Lu et al. (2015) utilized
two types of DNA networks on the polyacrylamide polymer to
form hydrogel. One is duplex DNA which performed as
permanent network. The other one can be varied between G
quadruplex sensitive to K+ and i-motif sensitive to H+. When the
hydrogel meets its target, K+ or low pH, the transient shape may
be disturbed to reverse the eternal shape. Of interest, due to the
polymer chains’ entanglement and the related fixed distance
between two types of networks, after the addition of factor to
clear the target, the shape will again fall into the transient shape.

Nanocomposite Hydrogels
As the development of nanoscience, in recent years, hydrogel
nanocomposite systems, such as magnetic (Abenojar et al., 2018;
Jalili et al., 2016), electroconductive (Walker et al., 2019), and
quantum dot nanocomposite hydrogels (Javanbakht and Namazi,
2018), are becoming popular for their tailored properties. These
hydrogels are composed of polymers in multiphase structure with
one phase’s size less than 100 nm to contain various
nanomaterials (Bao et al., 2019). They could be programed
and applied in biomedical fields, including therapeutic drug
delivery, bioimaging, and tissue regeneration engineering. The
newly developed nanocomposite hydrogels are summarized in
Table 1. Amini-Fazl et al. (2019) designed Fe3O4-based magnetic
nanocomposite hydrogel system by loading anticancer drug 5-
fluorouracil for colon and rectal administration. Through
external magnetic field, the magnetic nanocomposite hydrogel
could release drug in target sites.

The electrically conductive components including gold and
silver nanoparticles, graphene, carbon nanotubes, and conductive
polymers (polyaniline, polypyrrole, and polythiophenes) are
incorporated, doped, or chemically modified in the polymer
network to form nanocomposite hydrogel which can be used
as scaffolds supporting for cell growth both in-vivo and in-vitro
(Shi et al., 2016; Walker et al., 2019). Xu et al. (2018) formulated

smart hydrogel by non-covalent cross-linking PEG–peptide with
conductive poly(3,4-ethylenedioxythiophene): polystyrene
sulfonate to mimic extracellular matrix structures. The
rheology and electrical impedance showed high tenability that
can be applied for 3D cell cultures with electric field as the cell
differentiation modulator. Graphene quantum dots are
promising materials for drug delivery and cellular imaging
with excellent properties, including quantum confinement,
edge effects, good solubility, various emitting wavelengths, and
low toxicity (Javanbakht and Namazi, 2018). Rakhshaei et al.
(2020) developed a functional biocompatible hydrogel in which
the graphene quantum dots acted as crosslinker to link sodium
carboxymethyl cellulose (CMC). Due to the outstanding
photoluminescent feature for graphene quantum dots and pH-
sensitive swelling properties of CMC, the formed hydrogel was
capable for bioimaging and low pH-triggered oral drug release.

Chemical Responsive
Glucose Responsive Hydrogels
Glucose is a key biomedical analyte, which plays a crucial role in
physiological metabolism. Abnormal glucose levels are associated
with diabetes and hypoglycemia. Hence, glucose is closely related
to body function, and sustained glucose monitoring promotes the
strict control of blood glucose in diabetic (Ma et al., 2018).
Especially, Glucose-responsive system plays an important role
in self-regulated insulin delivery to treat diabetes (Yin et al.,
2019). Recently, Li et al. (2017) developed a novel biocompatible
glucose-responsive hydrogel loaded with glucose oxidase,
catalase, and insulin to deliver insulin for diabetes treatment.
In this work, the peptide self-assembles into hydrogel under
physiological conditions. Once hypoglycemia happened,
adjacent alkaline amino acid side chains are significantly
repulsed due to the decreased local pH caused by the
enzymatic conversion of glucose into gluconic acid. Then, the
subsequent unfolding of individual hairpins leads to disassembly
and release of insulin. The blood glucose levels can be well
regulated in vitro and in vivo by the hydrogel. Based on a
smart hydrogel system, Wu M et al. 2019) developed a visual
detecting approach for glucose sensing, which is assembled by a
photosensitive crosslinking hydrogel coupled with a pH-
responsive nanogel. The hydrogel system could response

TABLE 1 | Recently developed nanocomposite hydrogels.

Classification Components Features Applications

Magnetic Fe3O4 Superparamagnetic
Low toxicity
Biocompatibility
Biodegradability

Tissue regenerative Ghuman et al. (2018)
Antimicrobial therapy Abenojar et al. (2018)
Drug delivery Amini-Fazl et al. (2019)

Conductive Gold nanoparticle
Silver nanoparticles
Graphene dots
Carbon nanotubes
Conductive
Polymers

High electrical conductivity
High viscoelasticity
Electrochemical redox

3D cell cultures Xu Y. et al. (2019)
Biosensors Uluturk and Alemdar (2018)
Neurogenesis Wu C. et al. (2019)
Drug delivery An et al. (2020)

Light emitting Carbon dots
Riboflavin
Rhodamine B

Optical tenability
High sensitivity
Dynamic detection

Tissue regeneration Chichiricco et al. (2018)
Drug delivery Javanbakht and Namazi (2018)
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quickly sensitively to glucose under physiological condition.
Importantly, it is capable to detect glucose visually both
in vitro and in diabetic mouse models. Elsherif et al. (2019)
have fabricated the optical fiber probe for continuous glucose
monitoring under physiological conditions. The glucose-
responsive hydrogel made of (3-(acrylamido)-phenylboronic
acid) coupled acrylamide was chemically attached to the silica
multimode fiber for glucose monitoring by optical powermeter or
even a smartphone. Of note, by substituting the silica fiber by
polyethylene glycol diacrylate (PEGDA) hydrogel, the system
could still work but with more biocompatibility.

pH-Responsive Hydrogels
One of the most outstanding intelligent hydrogels is the pH-
responsive hydrogels due to significant variations of pH at
different sites under normal and pathological conditions.
Several pH-responsive polymers, including DNA, chitosan,
and poly (methacrylic acid) (PMAA), have been extensively
recommended and used for local controlled drug delivery
system. When pH altered following the disease’s occurrence,
the hydrogels can trigger disease-controlled drug release. After
triggered by pH changing, hydrogels have a gel–sol conversion
which is beneficial for drugs encapsulation at gel status and
effective frameworks clearance after hydrogel degradation.
Until now, several natural polymers like cellulose, hyaluronic
acid, guar gum, and chitosan, owing to the presence of abundant
ionic groups in their network, have been employed to synthesize
pH-responsive hydrogels. Some functional groups like amide,
sulfate, phosphate, and carboxylate could be also introduced to
alter the electrochemical properties (Khan et al., 2019).
Functional DNAs such as triplex structure (Hu et al., 2015; Lu
et al., 2018) and i-motif sequence (Cheng et al., 2009; Xu et al.,
2017) are good candidates of another category for the
construction of pH-sensitive hydrogels. Lu et al. (2018)
designed a pure DNA hydrogel based on triplex DNA
structures with protonated cytosine–guanine–cytosine
(C-G•C+) and thymine–adenine–thymine (T-A•T) to set the
pH transition point to 5.0 and 7.0, respectively. The highly
tunable pH responsiveness made it attractive in biomedical
applications.

Biochemically Responsive
Enzyme-Sensitive Hydrogels
Hydrogels in the biomedical application are usually exposed to
enzymes in the tissue. Recently, hydrogels have been focused on
their specific enzyme responsive property, especially for those
disease-related enzymes like matrix metalloproteinases (MMPs).
MMPs are upregulated in varieties of diseases, attracting
attention on the design of MMP-responsive hydrogel for drug
delivery (Bae and Kurisawa, 2016). For instance, Zhao Z. et al.
(2020) used an injectable MMPs sensitive hydrogel that payload
temozolomide (TMZ) and O6-benzylamine (BG) for the
clearance of residual TMZ-resistant gliomas after surgery.
When the concentration of MMPs enzymes is high, hydrogels
could release the TMZ and BG simultaneously when TMZ kills
the residual glioma cell under the guarantee by BG. The result is
demonstrated to be good in localized drug codelivery for residual

glioma treatment. The hydrogel embedded in the arthritic joint
with lots of therapeutic agents and enzyme sensing agents will
disassemble when enzyme appears in the inflammatory
microenvironments. Instead of providing prolonged drug
release, enzyme-sensitive hydrogels are capable to supply drug
one time when necessary, thereby improving therapeutic efficacy
(Joshi et al., 2018).

Reactive Oxygen Species-Sensitive Hydrogels
ROS, such as superoxide (O2

−), singlet oxygen (1O2), hydroxyl
radical (·OH), peroxynitrite (ONOO−), and hypochlorite (OCl−),
play important roles in biological process. However, abnormal
metabolism elevates ROS level significantly in many diseases
(Saravanakumar et al., 2017; Hampton, 2018). For the ROS-
responsive hydrogels, they can sense local environment oxidative
stress, regulate cell behavior, accelerate drug release, and finally
remove redundant ROS. Commonly, the ROS-sensitive polymers
can be synthesized via polymerization of or post polymerization
modification with ROS-responsive moieties. Thioether, selenium,
tellurium, thioketals, phenylboronic acids/esters, and oxalate-
containing structures are included. There are mainly two
strategies to engineer ROS-sensitive hydrogels (Ye et al., 2019).
One is to merge ROS-responsive moieties into the block polymer
backbones. For instance, Zhu et al. (2018) incorporated ROS
scavenging groups 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl
(4-amino-TEMPO) to the hydrogel scaffold to protect tissue from
free radical hurting locally. The other strategy is to incorporate ROS-
sensitive side chains into hydrogels. Martin et al. (2020) designed
ROS-degradable PEG hydrogel cross-linked with ROS-degradable
poly (thioketal) by thiol–maleimide chemistry. The hydrogel’s
degradation rate specifically correlates with the cell-generated
ROS, and the antioxidative function makes it suitable for
encapsulating mesenchymal stem cells with higher cell viability.
Yu S. et al. (2018) designed a biodegradable injectable hydrogel
composed of PEG, ROS-responsive L-methionine (Me), and dextro-
1-methyl tryptophan (D-1MT), loading with anti-programed cell
death-ligand 1 (aPD-L1) effectively. The encapsulated aPD-L1 and
D-1MT could be released from the intelligent hydrogels slowly
according to the trigger of environmental ROS that will result in
the reduction of ROS level and enhanced antitumor efficacy.

CONCLUSIONS AND FUTURE
PERSPECTIVES

In this mini review, we supplied a comprehensive perspective
over the rational hydrogel design principle from the molecular
constitutional basis to function-guided tailoring in the
biomedical field.

The unique properties of hydrogels make it a wonderful platform
for biomedical applications, although there are still varieties of
obstacles to overcome. First, hydrogels composed of different
molecules possess merits of their own; the natural polymer is
biocompatible with low toxicity but weak, while the synthetic
polymer is often cell toxic but strong. How to mingle the
advantages together is a hard question. The mechanism of
multipolymer network and shape memory hydrogel can provide
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some suggestions for further advancing. Second, the contemporary
hydrogels are mainly designed for a single purpose (e.g., different
stimuli triggered drug delivery), but in practical biomedical
applications, more work need to be done. We demand a unity to
monitor, to sense, and to stimulate with the feedback loop system to
smartly control the drug release rate, or even release the reverse drug
to terminate the therapy when disease changes. The constructure of
such unity can draw experience from cascaded assembly or cascaded
enzymatic reaction. Third, as the emerging of a lot of new hydrogels
as the development of nanoscience and pharmacy, by incorporation
with functional nanomaterial and emerging functional peptide and
DNA, the hydrogel will move beyond the present stimuli target, even
alter the present hydrogel designed mechanism. As for the high
specificity of functional peptide and DNA, we foresee that the
hydrogel could be designed specifically to personalized individuals.
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Kasiński, A., Zielińska-Pisklak, M., Oledzka, E., and Sobczak, M. (2020). Smart
hydrogels–synthetic stimuli-responsive antitumor drug release systems. Int.
J. Nanomed. 15, 4541–4572. doi:10.2147/ijn.s248987

Khajouei, S., Ravan, H., and Ebrahimi, A. (2020). DNA hydrogel-empowered
biosensing. Adv. Colloid Interface Sci. 275, 102060. doi:10.1016/j.cis.2019.
102060

Khan, H., Chaudhary, J. P., and Meena, R. (2019). Anionic carboxymethylagarose-
based pH-responsive smart superabsorbent hydrogels for controlled release of
anticancer drug. Int. J. Biol. Macromol. 124, 1220–1229. doi:10.1016/j.ijbiomac.
2018.12.045

Kim, M., Lee, J. E., Cho, H., Jung, H. G., Lee, W., Seo, H. Y., et al. (2020). Antiviral
efficacy of orally delivered neoagarohexaose, a nonconventional TLR4 agonist,
against norovirus infection in mice. Biomaterials 263, 120391. doi:10.1016/j.
biomaterials.2020.120391

Klotz, B. J., Gawlitta, D., Rosenberg, A. J. W. P., Malda, J., and Melchels, F. P. W.
(2016). Gelatin-methacryloyl hydrogels: towards biofabrication-based tissue
repair. Trends Biotechnol. 34, 394–407. doi:10.1016/j.tibtech.2016.01.002

Koivusalo, L., Kauppila, M., Samanta, S., Parihar, V. S., Ilmarinen, T., Miettinen, S.,
et al. (2019). Tissue adhesive hyaluronic acid hydrogels for sutureless stem cell
delivery and regeneration of corneal epithelium and stroma. Biomaterials 225,
119516. doi:10.1016/j.biomaterials.2019.119516

Kopecek, J., and Yang, J. (2012). Smart self-assembled hybrid hydrogel biomaterials.
Angew Chem. Int. Ed. Engl. 51, 7396–7417. doi:10.1002/anie.201201040

Korde, J. M., and Kandasubramanian, B. (2020). Naturally biomimicked smart
shape memory hydrogels for biomedical functions. Chem. Eng. J. 379, 122430.
doi:10.1016/j.cej.2019.122430

Kumar, N., Desagani, D., Chandran, G., Ghosh, N. N., Karthikeyan, G.,
Waigaonkar, S., et al. (2018). Biocompatible agarose-chitosan coated silver
nanoparticle composite for soft tissue engineering applications. Artif. Cells
Nanomed. Biotechnol. 46, 637–649. doi:10.1080/21691401.2017.1337021

Kwon, M. Y., Wang, C., Galarraga, J. H., Pure, E., Han, L., and Burdick, J. A. (2019).
Influence of hyaluronic acid modification on CD44 binding towards the design
of hydrogel biomaterials. Biomaterials 222, 119451. doi:10.1016/j.biomaterials.
2019.119451

Lee, S., Stubelius, A., Hamelmann, N., Tran, V., and Almutairi, A. (2018).
Inflammation-responsive drug-conjugated dextran nanoparticles enhance
anti-inflammatory drug efficacy. ACS Appl. Mater. Interfaces 10,
40378–40387. doi:10.1021/acsami.8b08254

Li, N., Xiong, X., Ha, X., and Wei, X. (2019). Comparative preservation effect of
water-soluble and insoluble chitosan from Tenebrio molitor waste. Int. J. Biol.
Macromol. 133, 165–171. doi:10.1016/j.ijbiomac.2019.04.094

Li, Z. J., de Souza, L. R., Litina, C., Markaki, A. E., and Al-Tabbaa, A. (2019).
Feasibility of using 3D printed polyvinyl alcohol (PVA) for creating self-healing
vascular tunnels in cement system. Materials 12, 3872. doi:10.3390/
ma12233872

Li, X., Fu, M., Wu, J., Zhang, C., Deng, X., Dhinakar, A., et al. (2017). pH-sensitive
peptide hydrogel for glucose-responsive insulin delivery. Acta Biomater. 51,
294–303. doi:10.1016/j.actbio.2017.01.016

Li, X., and Su, X. (2018). Multifunctional smart hydrogels: potential in tissue
engineering and cancer therapy. J. Mater. Chem. B. 6, 4714–4730. doi:10.1039/
c8tb01078a

Liang, R., Wang, L., Yu, H., Khan, A., Amin, B. U., and Khan, R. U. (2019a).
Molecular design, synthesis and biomedical applications of stimuli-responsive
shape memory hydrogels. Eur. Polym. J. 114, 380–396. doi:10.1016/j.eurpolymj.
2019.03.004

Liang, R., Yu, H., Wang, L., Lin, L., Wang, N., and Naveed, K-u-R. (2019b).
Highly tough hydrogels with the body temperature-responsive shape
memory effect. ACS Appl. Mater. Interfaces 11, 43563–43572. doi:10.
1021/acsami.9b14756

Liang, Y., Zhao, X., Ma, P. X., Guo, B., Du, Y., and Han, X. (2019). pH-
responsive injectable hydrogels with mucosal adhesiveness based on
chitosan-grafted-dihydrocaffeic acid and oxidized pullulan for localized
drug delivery. J. Colloid Interface Sci. 536, 224–234. doi:10.1016/j.jcis.2018.
10.056

Lim, H. J., Mosley, M. C., Kurosu, Y., and Smith Callahan, L. A. (2017).
Concentration dependent survival and neural differentiation of murine
embryonic stem cells cultured on polyethylene glycol dimethacrylate
hydrogels possessing a continuous concentration gradient of n-cadherin
derived peptide His-Ala-Val-Asp-Lle. Acta Biomater. 56, 153–160. doi:10.
1016/j.actbio.2016.11.063

Lima-Sousa, R., de Melo-Diogo, D., Alves, C. G., Cabral, C. S. D., Miguel, S. P.,
Mendonca, A. G., et al. (2020). Injectable in situ forming thermo-responsive
graphene based hydrogels for cancer chemo-photothermal therapy and NIR
light-enhanced antibacterial applications. Mater. Sci. Eng. C 117, 111294.
doi:10.1016/j.msec.2020.111294

Lin, C. C., and Anseth, K. S. (2009). PEG hydrogels for the controlled release of
biomolecules in regenerative medicine. Pharm. Res. 26, 631–643. doi:10.1007/
s11095-008-9801-2

Lin, D., Lei, L., Shi, S., and Li, X. (2019). Stimulus-responsive hydrogel for
ophthalmic drug delivery. Macromol. Biosci. 19, 1900001. doi:10.1002/mabi.
201900001

Liu, G., Yuan, Q., Hollett, G., Zhao, W., Kang, Y., and Wu, J. (2018). Cyclodextrin-
based host-guest supramolecular hydrogel and its application in biomedical
fields. Polym. Chem. 9, 3436–3449. doi:10.1039/c8py00730f

Liu, J. Y., Li, Y., Hu, Y., Cheng, G., Ye, E., Shen, C., et al. (2018). Hemostatic porous
sponges of cross-linked hyaluronic acid/cationized dextran by one self-foaming
process. Mater. Sci. Eng. C 83, 160–168. doi:10.1016/j.msec.2017.10.007

Liu, J., Qi, C., Tao, K., Zhang, J., Zhang, J., Xu, L., et al. (2016). Sericin/dextran
injectable hydrogel as an optically trackable drug delivery system for malignant
melanoma treatment. ACS Appl. Mater. Interfaces 8, 6411–6422. doi:10.1021/
acsami.6b00959

Löwenberg, C., Balk, M., Wischke, C., Behl, M., and Lendlein, A. (2017). Shape-
memory hydrogels: evolution of structural principles to enable shape switching
of hydrophilic polymer networks. Acc. Chem. Res. 50, 723–732. doi:10.1021/acs.
accounts.6b00584

Lu, C.-H., Guo, W., Hu, Y., Qi, X.-J., and Willner, I. (2015). Multitriggered shape-
memory acrylamide–DNA hydrogels. J. Am. Chem. Soc. 137, 15723–15731.
doi:10.1021/jacs.5b06510

Lu, S., Wang, S., Zhao, J., Sun, J., and Yang, X. (2018). A pH-controlled
bidirectionally pure DNA hydrogel: reversible self-assembly and
fluorescence monitoring. Chem. Commun. 54, 4621–4624. doi:10.1039/
c8cc01603h

Lu, Z., Liu, S., Le, Y., Qin, Z., He, M., Xu, F., et al. (2019). An injectable collagen-
genipin-carbon dot hydrogel combined with photodynamic therapy to enhance
chondrogenesis. Biomaterials 218, 119190. doi:10.1016/j.biomaterials.2019.
05.001

Lyu, D., Chen, S., and Guo,W. (2018). Liposome crosslinked polyacrylamide/DNA
hydrogel: a smart controlled-release system for small molecular payloads. Small
14, e1704039. doi:10.1002/smll.201704039

Ma, X., Yang, Z., Wang, Y., Zhang, G., Shao, Y., Jia, H., et al. (2017). Remote
controlling DNA hydrogel by magnetic field. ACS Appl. Mater. Interfaces 9,
1995–2000. doi:10.1021/acsami.6b12327

Ma, Y., Mao, Y., An, Y., Tian, T., Zhang, H., Yan, J., et al. (2018). Target-responsive
DNA hydrogel for non-enzymatic and visual detection of glucose. Analyst 143,
1679–1684. doi:10.1039/c8an00010g

Makvandi, P., Ali, G. W., Della Sala, F., Abdel-Fattah, W. I., and Borzacchiello, A.
(2020). Hyaluronic acid/corn silk extract based injectable nanocomposite: a
biomimetic antibacterial scaffold for bone tissue regeneration. Mater. Sci. Eng.
C. 107, 110195. doi:10.1016/j.msec.2019.110195

Frontiers in Chemistry | www.frontiersin.org February 2021 | Volume 8 | Article 61566510

Zhang and Huang Rational design of smart hydrogels

https://doi.org/10.1038/s41467-018-04346-x
https://doi.org/10.1002/app.50489
https://doi.org/10.1021/acsbiomaterials.8b01112
https://doi.org/10.1021/acsbiomaterials.8b01112
https://doi.org/10.1016/j.arabjc.2014.07.005
https://doi.org/10.1016/j.arabjc.2014.07.005
https://doi.org/10.1016/j.jare.2017.01.005
https://doi.org/10.2147/ijn.s248987
https://doi.org/10.1016/j.cis.2019.102060
https://doi.org/10.1016/j.cis.2019.102060
https://doi.org/10.1016/j.ijbiomac.2018.12.045
https://doi.org/10.1016/j.ijbiomac.2018.12.045
https://doi.org/10.1016/j.biomaterials.2020.120391
https://doi.org/10.1016/j.biomaterials.2020.120391
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.biomaterials.2019.119516
https://doi.org/10.1002/anie.201201040
https://doi.org/10.1016/j.cej.2019.122430
https://doi.org/10.1080/21691401.2017.1337021
https://doi.org/10.1016/j.biomaterials.2019.119451
https://doi.org/10.1016/j.biomaterials.2019.119451
https://doi.org/10.1021/acsami.8b08254
https://doi.org/10.1016/j.ijbiomac.2019.04.094
https://doi.org/10.3390/ma12233872
https://doi.org/10.3390/ma12233872
https://doi.org/10.1016/j.actbio.2017.01.016
https://doi.org/10.1039/c8tb01078a
https://doi.org/10.1039/c8tb01078a
https://doi.org/10.1016/j.eurpolymj.2019.03.004
https://doi.org/10.1016/j.eurpolymj.2019.03.004
https://doi.org/10.1021/acsami.9b14756
https://doi.org/10.1021/acsami.9b14756
https://doi.org/10.1016/j.jcis.2018.10.056
https://doi.org/10.1016/j.jcis.2018.10.056
https://doi.org/10.1016/j.actbio.2016.11.063
https://doi.org/10.1016/j.actbio.2016.11.063
https://doi.org/10.1016/j.msec.2020.111294
https://doi.org/10.1007/s11095-008-9801-2
https://doi.org/10.1007/s11095-008-9801-2
https://doi.org/10.1002/mabi.201900001
https://doi.org/10.1002/mabi.201900001
https://doi.org/10.1039/c8py00730f
https://doi.org/10.1016/j.msec.2017.10.007
https://doi.org/10.1021/acsami.6b00959
https://doi.org/10.1021/acsami.6b00959
https://doi.org/10.1021/acs.accounts.6b00584
https://doi.org/10.1021/acs.accounts.6b00584
https://doi.org/10.1021/jacs.5b06510
https://doi.org/10.1039/c8cc01603h
https://doi.org/10.1039/c8cc01603h
https://doi.org/10.1016/j.biomaterials.2019.05.001
https://doi.org/10.1016/j.biomaterials.2019.05.001
https://doi.org/10.1002/smll.201704039
https://doi.org/10.1021/acsami.6b12327
https://doi.org/10.1039/c8an00010g
https://doi.org/10.1016/j.msec.2019.110195
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Marcinczyk, M., Elmashhady, H., Talovic, M., Dunn, A., Bugis, F., and Garg, K.
(2017). Laminin-111 enriched fibrin hydrogels for skeletal muscle regeneration.
Biomaterials 141, 233–242. doi:10.1016/j.biomaterials.2017.07.003

Martin, J. R., Patil, P., Yu, F., Gupta, M. K., and Duvall, C. L. (2020). Enhanced stem
cell retention and antioxidative protection with injectable, ROS-degradable
PEG hydrogels. Biomaterials 263, 120377. doi:10.1016/j.biomaterials.2020.
120377

Matricardi, P., Di Meo, C., Coviello, T., Hennink, W. E., and Alhaique, F. (2013).
Interpenetrating Polymer Networks polysaccharide hydrogels for drug delivery
and tissue engineering. Adv. Drug Deliv. Rev. 65, 1172–1187. doi:10.1016/j.addr.
2013.04.002

Matt, A., Kuttich, B., Grillo, I., Weissheit, S., Thiele, C. M., and Stuhn, B.
(2019). Temperature induced conformational changes in the elastin-like
peptide GVG(VPGVG)3. Soft Matter. 15, 4192–4199. doi:10.1039/
c9sm00583h

Meng, W., Gao, L., Venkatesan, J. K., Wang, G., Madry, H., and Cucchiarini, M.
(2019). Translational applications of photopolymerizable hydrogels for
cartilage repair. J. Exp. Orthop. 6, 47. doi:10.1186/s40634-019-0215-3

Miyamae, K., Nakahata, M., Takashima, Y., and Harada, A. (2015). Self-healing,
expansion-contraction, and shape-memory properties of a preorganized
supramolecular hydrogel through host-guest interactions. Angew. Chem. Int.
Ed. 54, 8984–8987. doi:10.1002/anie.201502957

Mondal, S., Das, S., and Nandi, A. K. (2020). A review on recent advances in
polymer and peptide hydrogels. Soft Matter. 16, 1404–1454. doi:10.1039/
c9sm02127b

Murthy, R., Roos, J. C. P., and Goldberg, R. A. (2019). Periocular hyaluronic acid
fillers: applications, implications, complications. Curr. Opin. Ophthalmol. 30,
395–400. doi:10.1097/ICU.0000000000000595

Nam, S., Stowers, R., Lou, J., Xia, Y., and Chaudhuri, O. (2019). Varying PEG
density to control stress relaxation in alginate-PEG hydrogels for 3D cell culture
studies. Biomaterials 200, 15–24. doi:10.1016/j.biomaterials.2019.02.004

Osada, Y., and Matsuda, A. (1995). Shape memory in hydrogels. Nature. 376, 219
Ouyang, Q. Q., Hu, Z., Lin, Z. P., Quan, W. Y., Deng, Y. F., Li, S. D., et al. (2018).

Chitosan hydrogel in combination with marine peptides from tilapia for burns
healing. Int. J. Biol. Macromol. 112, 1191–1198. doi:10.1016/j.ijbiomac.2018.
01.217

Pacelli, S., Rampetsreiter, K., Modaresi, S., Subham, S., Chakravarti, A. R., Lohfeld,
S., et al. (2018). Fabrication of a double-cross-linked interpenetrating polymeric
network (IPN) hydrogel surface modified with polydopamine to modulate the
osteogenic differentiation of adipose-derived stem cells. ACS Appl. Mater.
Interfaces 10, 24955–24962. doi:10.1021/acsami.8b05200

Palmese, L. L., Thapa, R. K., Sullivan, M. O., and Kiick, K. L. (2019). Hybrid
hydrogels for biomedical applications. Curr. Opin. Chem. Eng. 24, 143–157.
doi:10.1016/j.coche.2019.02.010

Pan, M., Yuan, Q.-J., Gong, X.-L., Zhang, S., and Li, B-J. (2016). A tri-stimuli-
responsive shape-memory material using host-guest interactions as molecular
switches. Macromol. Rapid Commun. 37, 433–438. doi:10.1002/marc.
201500602

Pandit, A. H., Mazumdar, N., and Ahmad, S. (2019). Periodate oxidized hyaluronic
acid-based hydrogel scaffolds for tissue engineering applications. Int. J. Biol.
Macromol. 137, 853–869. doi:10.1016/j.ijbiomac.2019.07.014

Pang, X., Wu, J., Chu, C.-C., and Chen, X. (2014). Development of an arginine-
based cationic hydrogel platform: synthesis, characterization and
biomedical applications. Acta Biomater. 10, 3098–3107. doi:10.1016/j.
actbio.2014.04.002

Park, S., Edwards, S., Hou, S., Boudreau, R., Yee, R., and Jeong, K. J. (2019). A
multi-interpenetrating network (IPN) hydrogel with gelatin and silk fibroin.
Biomater. Sci. 7, 1276–1280. doi:10.1039/C8BM01532E

Peers, S., Montembault, A., and Ladaviere, C. (2020). Chitosan hydrogels for
sustained drug delivery. J. Contr. Release 326, 150–163. doi:10.1016/j.jconrel.
2020.06.012

Pena, B., Laughter, M., Jett, S., Rowland, T. J., Taylor, M. R. G., Mestroni, L., et al.
(2018). Injectable hydrogels for cardiac tissue engineering. Macromol. Biosci.
18, e1800079. doi:10.1002/mabi.201800079

Qin, L., Cao, J., Shao, K., Tong, F., Yang, Z., Lei, T., et al. (2020). A tumor-to-lymph
procedure navigated versatile gel system for combinatorial therapy against
tumor recurrence and metastasis. Sci. Adv. 6, eabb3116. doi:10.1126/sciadv.
abb3116

Radvar, E., and Azevedo, H. S. (2019). Supramolecular peptide/polymer hybrid
hydrogels for biomedical applications. Macromol. Biosci. 19, e1800221. doi:10.
1002/mabi.201800221

Rakhshaei, R., Namazi, H., Hamishehkar, H., and Rahimi, M. (2020). Graphene
quantum dot cross-linked carboxymethyl cellulose nanocomposite hydrogel for
pH-sensitive oral anticancer drug delivery with potential bioimaging properties.
Int. J. Biol. Macromol. 150, 1121–1129. doi:10.1016/j.ijbiomac.2019.10.118

Rastogi, P., and Kandasubramanian, B. (2019). Review of alginate-based hydrogel
bioprinting for application in tissue engineering. Biofabrication 11, 042001.
doi:10.1088/1758-5090/ab331e

Ribeiro, J., Caseiro, A. R., Pereira, T., Armada-da-Silva, P. A., Pires, I., Prada, J.,
et al. (2017). Evaluation of PVA biodegradable electric conductive membranes
for nerve regeneration in axonotmesis injuries: the rat sciatic nerve animal
model. J. Biomed. Mater. Res. 105, 1267–1280. doi:10.1002/jbm.a.35998

Russo, E., and Villa, C. (2019). Poloxamer hydrogels for biomedical applications.
Pharmaceutics 11, 671. doi:10.3390/pharmaceutics11120671

Saludas, L., Pascual-Gil, S., Prosper, F., Garbayo, E., and Blanco-Prieto, M. (2017).
Hydrogel based approaches for cardiac tissue engineering. Int. J. Pharm. 523,
454–475. doi:10.1016/j.ijpharm.2016.10.061

Sánchez, N., González-Ramírez, M. C., Contreras, E. G., Ubilla, A., Li, J., Valencia,
A., et al. (2020). Balance between tooth size and tooth number is controlled by
hyaluronan. Front. Physiol. 11, 996. doi:10.3389/fphys.2020.00996

Saravanakumar, G., Kim, J., and Kim, W. J. (2017). Reactive-oxygen-Species-
responsive drug delivery systems: promises and challenges. Adv. Sci. 4, 1600124.
doi:10.1002/advs.201600124

Shahbazi, M. A., Bauleth-Ramos, T., and Santos, H. A. (2018). DNA hydrogel
assemblies: bridging synthesis principles to biomedical applications. Adv. Ther.
1, 1800042. doi:10.1002/adtp.201800042

Sharma, S., and Tiwari, S. (2020). A review on biomacromolecular hydrogel
classification and its applications. Int. J. Biol. Macromol. 162, 737–747.
doi:10.1016/j.ijbiomac.2020.06.110

Sheng, L., Zhang, Z., Zhang, Y., Wang, E., Ma, B., Xu, Q., et al. (2020). A novel “hot
spring”-mimetic hydrogel with excellent angiogenic properties for chronic
wound healing. Biomaterials 264, 120414. doi:10.1016/j.biomaterials.2020.
120414

Shi, Z., Gao, X., Ullah, M. W., Li, S., Wang, Q., and Yang, G. (2016).
Electroconductive natural polymer-based hydrogels. Biomaterials 111,
40–54. doi:10.1016/j.biomaterials.2016.09.020

Silva Garcia, J. M., Panitch, A., and Calve, S. (2019). Functionalization of
hyaluronic acid hydrogels with ECM-derived peptides to control myoblast
behavior. Acta Biomater. 84, 169–179. doi:10.1016/j.actbio.2018.11.030

Singh, N., Kumar, M., Miravet, J. F., Ulijn, R. V., and Escuder, B. (2017). Peptide-
based molecular hydrogels as supramolecular protein mimics. Chemistry 23,
981–993. doi:10.1002/chem.201602624

Sis, M. J., and Webber, M. J. (2019). Drug delivery with designed peptide
assemblies. Trends Pharmacol. Sci. 40, 747–762. doi:10.1016/j.tips.2019.08.003

Tanaka, R., Saito, Y., Fujiwara, Y., Jo, J-i., and Tabata, Y. (2019). Preparation of
fibrin hydrogels to promote the recruitment of anti-inflammatory
macrophages. Acta Biomater. 89, 152–165. doi:10.1016/j.actbio.2019.03.011

Tao, F., Cheng, Y., Shi, X., Zheng, H., Du, Y., Xiang, W., et al. (2020). Applications
of chitin and chitosan nanofibers in bone regenerative engineering. Carbohydr.
Polym. 230, 115658. doi:10.1016/j.carbpol.2019.115658

Tresoldi, C., Pacheco, D. P., Formenti, E., Pellegata, A. F., Mantero, S., and Petrini,
P. (2019). Shear-resistant hydrogels to control permeability of porous tubular
scaffolds in vascular tissue engineering. Mater. Sci. Eng. C 105, 110035. doi:10.
1016/j.msec.2019.110035

Trombino, S., Servidio, C., Curcio, F., and Cassano, R. (2019). Strategies for
hyaluronic acid-based hydrogel design in drug delivery. Pharmaceutics 11, 407.
doi:10.3390/pharmaceutics11080407

Ullah, F., Othman, M. B., Javed, F., Ahmad, Z., and Md Akil, H. (2015).
Classification, processing and application of hydrogels: a review. Mater. Sci.
Eng. C. 57, 414–433. doi:10.1016/j.msec.2015.07.053

Uluturk, C., and Alemdar, N. (2018). Electroconductive 3D polymeric network
production by using polyaniline/chitosan-based hydrogel. Carbohydr. Polym.
193, 307–315. doi:10.1016/j.carbpol.2018.03.099

Waduthanthri, K. D., He, Y., Montemagno, C., and Cetinel, S. (2019). An injectable
peptide hydrogel for reconstruction of the human trabecular meshwork. Acta
Biomater. 100, 244–254. doi:10.1016/j.actbio.2019.09.032

Frontiers in Chemistry | www.frontiersin.org February 2021 | Volume 8 | Article 61566511

Zhang and Huang Rational design of smart hydrogels

https://doi.org/10.1016/j.biomaterials.2017.07.003
https://doi.org/10.1016/j.biomaterials.2020.120377
https://doi.org/10.1016/j.biomaterials.2020.120377
https://doi.org/10.1016/j.addr.2013.04.002
https://doi.org/10.1016/j.addr.2013.04.002
https://doi.org/10.1039/c9sm00583h
https://doi.org/10.1039/c9sm00583h
https://doi.org/10.1186/s40634-019-0215-3
https://doi.org/10.1002/anie.201502957
https://doi.org/10.1039/c9sm02127b
https://doi.org/10.1039/c9sm02127b
https://doi.org/10.1097/ICU.0000000000000595
https://doi.org/10.1016/j.biomaterials.2019.02.004
https://doi.org/10.1016/j.ijbiomac.2018.01.217
https://doi.org/10.1016/j.ijbiomac.2018.01.217
https://doi.org/10.1021/acsami.8b05200
https://doi.org/10.1016/j.coche.2019.02.010
https://doi.org/10.1002/marc.201500602
https://doi.org/10.1002/marc.201500602
https://doi.org/10.1016/j.ijbiomac.2019.07.014
https://doi.org/10.1016/j.actbio.2014.04.002
https://doi.org/10.1016/j.actbio.2014.04.002
https://doi.org/10.1039/C8BM01532E
https://doi.org/10.1016/j.jconrel.2020.06.012
https://doi.org/10.1016/j.jconrel.2020.06.012
https://doi.org/10.1002/mabi.201800079
https://doi.org/10.1126/sciadv.abb3116
https://doi.org/10.1126/sciadv.abb3116
https://doi.org/10.1002/mabi.201800221
https://doi.org/10.1002/mabi.201800221
https://doi.org/10.1016/j.ijbiomac.2019.10.118
https://doi.org/10.1088/1758-5090/ab331e
https://doi.org/10.1002/jbm.a.35998
https://doi.org/10.3390/pharmaceutics11120671
https://doi.org/10.1016/j.ijpharm.2016.10.061
https://doi.org/10.3389/fphys.2020.00996
https://doi.org/10.1002/advs.201600124
https://doi.org/10.1002/adtp.201800042
https://doi.org/10.1016/j.ijbiomac.2020.06.110
https://doi.org/10.1016/j.biomaterials.2020.120414
https://doi.org/10.1016/j.biomaterials.2020.120414
https://doi.org/10.1016/j.biomaterials.2016.09.020
https://doi.org/10.1016/j.actbio.2018.11.030
https://doi.org/10.1002/chem.201602624
https://doi.org/10.1016/j.tips.2019.08.003
https://doi.org/10.1016/j.actbio.2019.03.011
https://doi.org/10.1016/j.carbpol.2019.115658
https://doi.org/10.1016/j.msec.2019.110035
https://doi.org/10.1016/j.msec.2019.110035
https://doi.org/10.3390/pharmaceutics11080407
https://doi.org/10.1016/j.msec.2015.07.053
https://doi.org/10.1016/j.carbpol.2018.03.099
https://doi.org/10.1016/j.actbio.2019.09.032
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Walker, B. W., Lara, R. P., Mogadam, E., Yu, C. H., Kimball, W., and Annabi, N.
(2019). Rational design of microfabricated electroconductive hydrogels for
biomedical applications. Prog. Polym. Sci. 92, 135–157. doi:10.1016/j.
progpolymsci.2019.02.007

Wang, N., Zhang, J. L., Sun, L., Wang, P. Y., and Liu, W. G. (2014). Gene-
modified cell detachment on photoresponsive hydrogels strengthened
through hydrogen bonding. Acta Biomater. 10, 2529–2538. doi:10.1016/
j.actbio.2014.02.017

Wang, P., Zhang, W., Yang, R., Liu, S., Ren, Y., Liu, X., et al. (2020). Biomimetic
poly(gamma-glutamic acid) hydrogels based on iron (III) ligand coordination
for cartilage tissue engineering. Int. J. Biol. Macromol. 167, 1508–1516. doi:10.
1016/j.ijbiomac.2020.11.105

Wang, Q.-Q., Liu, Y., Zhang, C-J., Zhang, C., and Zhu, P. (2019). Alginate/gelatin
blended hydrogel fibers cross-linked by Ca2+ and oxidized starch: preparation
and properties. Mater. Sci. Eng. C 99, 1469–1476. doi:10.1016/j.msec.2019.
02.091

Wang, W., Narain, R., and Zeng, H. (2018). Rational design of self-healing
tough hydrogels: a mini review. Front. Chem. 6, 497. doi:10.3389/fchem.
2018.00497

Wang, Y., Zhang, Y., Li, X., Li, C., Yang, Z., and Wang, L. (2018). A peptide-based
supramolecular hydrogel for controlled delivery of amine drugs. Chem. Asian J.
13, 3460–3463. doi:10.1002/asia.201800708

Wang, Y., Cheetham, A. G., Angacian, G., Su, H., Xie, L., and Cui, H. (2017).
Peptide-drug conjugates as effective prodrug strategies for targeted delivery.
Adv. Drug Deliv. Rev. 110, 112–126. doi:10.1016/j.addr.2016.06.015

Wiedman, G., Kim, S. Y., Zapata-Mercado, E., Wimley, W. C., and Hristova, K.
(2017). pH-triggered, macromolecule-sized poration of lipid bilayers by
synthetically evolved peptides. J. Am. Chem. Soc. 139, 937–945. doi:10.1021/
jacs.6b11447

Wu, C., Liu, A., Chen, S., Zhang, X., Chen, L., Zhu, Y., et al. (2019). Cell-laden
electroconductive hydrogel simulating nerve matrix to deliver electrical cues
and promote neurogenesis. ACS Appl. Mater. Interfaces 11, 22152–22163.
doi:10.1021/acsami.9b05520

Wu, M., Zhang, Y., Liu, Q., Huang, H., Wang, X., Shi, Z., et al. (2019). A smart
hydrogel system for visual detection of glucose. Biosens. Bioelectron. 142,
111547. doi:10.1016/j.bios.2019.111547

Wu, F., Gao, A., Liu, J., Shen, Y., Xu, P., Meng, J., et al. (2018). High modulus
conductive hydrogels enhance in vitro maturation and contractile function of
primary cardiomyocytes for uses in drug screening. Adv. Healthc. Mater. 7,
e1800990. doi:10.1002/adhm.201800990

Wu, J., Wu, D., Mutschler, M. A., and Chu, C.-C. (2012). Cationic hybrid hydrogels
from amino-acid-based poly(ester amide): fabrication, characterization, and
biological properties. Adv. Funct. Mater. 22, 3815–3823. doi:10.1002/adfm.
201103147

Wu, J., Zhao, X., Wu, D., and Chu, C.-C. (2014). Development of a biocompatible
and biodegradable hybrid hydrogel platform for sustained release of ionic
drugs. J. Mater. Chem. B 2, 6660–6668. doi:10.1039/c4tb00576g

Xia, Y., Burke, N. A. D., and Stöver, H. D. H. (2006). End group effect on the
thermal response of narrow-disperse poly(N-isopropylacrylamide) prepared by
atom transfer radical polymerization. Macromolecules 39, 2275–2283. doi:10.
1021/ma0519617

Xiao, Q., Chen, G., Zhang, Y., Weng, H., Cai, M., and Xiao, A. (2020).
Evaluation of a novel self-emulsifiable dodecenyl succinylated agarose in
microencapsulation of docosahexaenoic acid (DHA) through spray-
chilling process. Int. J. Biol. Macromol. 163, 2314–2324. doi:10.1016/j.
ijbiomac.2020.09.108

Xu, W., Huang, Y., Zhao, H., Li, P., Liu, G., Li, J., et al. (2017). DNA hydrogel with
tunable pH-responsive properties produced by rolling circle amplification.
Chem. Eur J. 23, 18276–18281. doi:10.1002/chem.201704390

Xu, X., Gu, Z., Chen, X., Shi, C., Liu, C., Liu, M., et al. (2019). An injectable and
thermosensitive hydrogel: promoting periodontal regeneration by controlled-
release of aspirin and erythropoietin. Acta Biomater. 86, 235–246. doi:10.1016/j.
actbio.2019.01.001

Xu, Y., Cui, M., Patsis, P. A., Guenther, M., Yang, X., Eckert, K., et al. (2019).
Reversibly assembled electroconductive hydrogel via a host-guest interaction
for 3D cell culture. ACS Appl. Mater. Interfaces 11, 7715–7724. doi:10.1021/
acsami.8b19482

Xu, Y., Yang, X., Thomas, A. K., Patsis, P. A., Kurth, T., Kraeter, M., et al. (2018).
Noncovalently assembled electroconductive hydrogel. ACS Appl. Mater.
Interfaces 10, 14418–14425. doi:10.1021/acsami.8b01029

Yan, X., Fang, W. W., Xue, J., Sun, T. C., Dong, L., Zha, Z., et al. (2019).
Thermoresponsive in Situ forming hydrogel with sol-gel irreversibility for
effective methicillin-resistant Staphylococcus aureus infected wound healing.
ACS Nano 13, 10074–10084. doi:10.1021/acsnano.9b02845

Yao, H. Y., Wang, J. Q., and Mi, S. L. (2018). Photo processing for biomedical
hydrogels design and functionality: a review. Polymers 10, 11. doi:10.3390/
polym10010011

Yap, L.-S., and Yang, M.-C. (2020). Thermo-reversible injectable hydrogel
composing of pluronic F127 and carboxymethyl hexanoyl chitosan for cell-
encapsulation. Colloids Surf. B Biointerfaces 185, 110606. doi:10.1016/j.colsurfb.
2019.110606

Ye, H., Zhou, Y., Liu, X., Chen, Y., Duan, S., Zhu, R., et al. (2019). Recent advances
on reactive oxygen species-responsive delivery and diagnosis system.
Biomacromolecules 20, 2441–2463. doi:10.1021/acs.biomac.9b00628

Yin, R., He, J., Bai, M., Huang, C., Wang, K., Zhang, H., et al. (2019). Engineering
synthetic artificial pancreas using chitosan hydrogels integrated with glucose-
responsive microspheres for insulin delivery. Mater. Sci. Eng. C 96, 374–382.
doi:10.1016/j.msec.2018.11.032

Ying, H., Zhou, J., Wang, M., Su, D., Ma, Q., Lv, G., et al. (2019). In situ formed
collagen-hyaluronic acid hydrogel as biomimetic dressing for promoting
spontaneous wound healing. Mater. Sci. Eng. C 101, 487–498. doi:10.1016/j.
msec.2019.03.093

Yu, F., Han, X., Zhang, K., Dai, B., Shen, S., Gao, X., et al. (2018). Evaluation of a
polyvinyl alcohol-alginate based hydrogel for precise 3D bioprinting. J. Biomed.
Mater. Res. 106, 2944–2954. doi:10.1002/jbm.a.36483

Yu, S., Wang, C., Yu, J., Wang, J., Lu, Y., Zhang, Y., et al. (2018). Injectable
bioresponsive gel depot for enhanced immune checkpoint blockade. Adv.
Mater. 30, e1801527. doi:10.1002/adma.201801527

Yuan, P., Yang, T., Liu, T., Yu, X., Bai, Y., Zhang, Y., et al. (2020). Nanocomposite
hydrogel with NIR/magnet/enzyme multiple responsiveness to accurately
manipulate local drugs for on-demand tumor therapy. Biomaterials 262,
120357. doi:10.1016/j.biomaterials.2020.120357

Zhang, M., Yang, J., Deng, F., Guo, C., Yang, Q., Wu, H., et al. (2019). Dual-
functionalized hyaluronic acid as a facile modifier to prepare polyanionic
collagen. Carbohydr. Polym. 215, 358–365. doi:10.1016/j.carbpol.2019.
03.086

Zhang, Y., Jiang, M., Zhang, Y., Cao, Q., Wang, X., Han, Y., et al. (2019). Novel
lignin-chitosan-PVA composite hydrogel for wound dressing. Mater. Sci. Eng.
C. 104, 110002. doi:10.1016/j.msec.2019.110002

Zhang, S., Hou, J., Yuan, Q., Xin, P., Cheng, H., Gu, Z., et al. (2020). Arginine
derivatives assist dopamine-hyaluronic acid hybrid hydrogels to have enhanced
antioxidant activity for wound healing. Chem. Eng. J. 392, 123775. doi:10.1016/
j.cej.2019.123775

Zhang, S., Xin, P., Ou, Q., Hollett, G., Gu, Z., and Wu, J. (2018). Poly(ester amide)-
based hybrid hydrogels for efficient transdermal insulin delivery. J. Mater.
Chem. B 6, 6723–6730. doi:10.1039/c8tb01466c

Zhao, C., Tian, S., Liu, Q. H., Xiu, K. M., Lei, I. L., Wang, Z., et al. (2020).
Biodegradable nanofibrous temperature-responsive gelling microspheres for
heart regeneration. Adv. Funct. Mater. 30, 2000776. doi:10.1002/adfm.
202000776

Zhao, L., Wang, J., Su, D., Zhang, Y., Lu, H., Yan, X., et al. (2020). The DNA
controllable peroxidase mimetic activity of MoS2 nanosheets for constructing a
robust colorimetric biosensor. Nanoscale 12, 19420–19428. doi:10.1039/
d0nr05649a

Zhao, X., Liang, Y. P., Huang, Y., He, J. H., Han, Y., and Guo, B. L. (2020a). Physical
double-network hydrogel adhesives with rapid shape adaptability, fast self-
healing, antioxidant and NIR/pH stimulus-responsiveness for multidrug-
resistant bacterial infection and removable wound dressing. Adv. Funct.
Mater. 30, 1910748. doi:10.1002/adfm.201910748

Zhao, X., Liu, L., An, T., Xian, M., Luckanagul, J. A., Su, Z., et al. (2020b). A
hydrogen sulfide-releasing alginate dressing for effective wound healing. Acta
Biomater. 104, 85–94. doi:10.1016/j.actbio.2019.12.032

Zhao, Z., Shen, J., Zhang, L., Wang, L., Xu, H., Han, Y., et al. (2020). Injectable
postoperative enzyme-responsive hydrogels for reversing temozolomide

Frontiers in Chemistry | www.frontiersin.org February 2021 | Volume 8 | Article 61566512

Zhang and Huang Rational design of smart hydrogels

https://doi.org/10.1016/j.progpolymsci.2019.02.007
https://doi.org/10.1016/j.progpolymsci.2019.02.007
https://doi.org/10.1016/j.actbio.2014.02.017
https://doi.org/10.1016/j.actbio.2014.02.017
https://doi.org/10.1016/j.ijbiomac.2020.11.105
https://doi.org/10.1016/j.ijbiomac.2020.11.105
https://doi.org/10.1016/j.msec.2019.02.091
https://doi.org/10.1016/j.msec.2019.02.091
https://doi.org/10.3389/fchem.2018.00497
https://doi.org/10.3389/fchem.2018.00497
https://doi.org/10.1002/asia.201800708
https://doi.org/10.1016/j.addr.2016.06.015
https://doi.org/10.1021/jacs.6b11447
https://doi.org/10.1021/jacs.6b11447
https://doi.org/10.1021/acsami.9b05520
https://doi.org/10.1016/j.bios.2019.111547
https://doi.org/10.1002/adhm.201800990
https://doi.org/10.1002/adfm.201103147
https://doi.org/10.1002/adfm.201103147
https://doi.org/10.1039/c4tb00576g
https://doi.org/10.1021/ma0519617
https://doi.org/10.1021/ma0519617
https://doi.org/10.1016/j.ijbiomac.2020.09.108
https://doi.org/10.1016/j.ijbiomac.2020.09.108
https://doi.org/10.1002/chem.201704390
https://doi.org/10.1016/j.actbio.2019.01.001
https://doi.org/10.1016/j.actbio.2019.01.001
https://doi.org/10.1021/acsami.8b19482
https://doi.org/10.1021/acsami.8b19482
https://doi.org/10.1021/acsami.8b01029
https://doi.org/10.1021/acsnano.9b02845
https://doi.org/10.3390/polym10010011
https://doi.org/10.3390/polym10010011
https://doi.org/10.1016/j.colsurfb.2019.110606
https://doi.org/10.1016/j.colsurfb.2019.110606
https://doi.org/10.1021/acs.biomac.9b00628
https://doi.org/10.1016/j.msec.2018.11.032
https://doi.org/10.1016/j.msec.2019.03.093
https://doi.org/10.1016/j.msec.2019.03.093
https://doi.org/10.1002/jbm.a.36483
https://doi.org/10.1002/adma.201801527
https://doi.org/10.1016/j.biomaterials.2020.120357
https://doi.org/10.1016/j.carbpol.2019.03.086
https://doi.org/10.1016/j.carbpol.2019.03.086
https://doi.org/10.1016/j.msec.2019.110002
https://doi.org/10.1016/j.cej.2019.123775
https://doi.org/10.1016/j.cej.2019.123775
https://doi.org/10.1039/c8tb01466c
https://doi.org/10.1002/adfm.202000776
https://doi.org/10.1002/adfm.202000776
https://doi.org/10.1039/d0nr05649a
https://doi.org/10.1039/d0nr05649a
https://doi.org/10.1002/adfm.201910748
https://doi.org/10.1016/j.actbio.2019.12.032
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


resistance and reducing local recurrence after glioma operation. Biomater. Sci.
8, 5306–5316. doi:10.1039/d0bm00338g

Zheng, Z., Bian, S., Li, Z., Zhang, Z., Liu, Y., Zhai, X., et al. (2020). Catechol
modified quaternized chitosan enhanced wet adhesive and antibacterial
properties of injectable thermo-sensitive hydrogel for wound healing.
Carbohydr. Polym. 249, 116826. doi:10.1016/j.carbpol.2020.116826

Zhou, L., Jiao, X., Liu, S., Hao, M., Cheng, S., Zhang, P., et al. (2020). Functional
DNA-based hydrogel intelligent materials for biomedical applications. J. Mater.
Chem. B. 8, 1991–2009. doi:10.1039/c9tb02716e

Zhu, J. (2010). Bioactive modification of poly(ethylene glycol) hydrogels for tissue
engineering. Biomaterials 31, 4639–4656. doi:10.1016/j.biomaterials.2010.
02.044

Zhu, Y., Matsumura, Y., Velayutham, M., Foley, L. M., Hitchens, T. K., and
Wagner, W. R. (2018). Reactive oxygen species scavenging with a

biodegradable, thermally responsive hydrogel compatible with soft
tissue injection. Biomaterials 177, 98–112. doi:10.1016/j.biomaterials.
2018.05.044

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhang and Huang. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org February 2021 | Volume 8 | Article 61566513

Zhang and Huang Rational design of smart hydrogels

https://doi.org/10.1039/d0bm00338g
https://doi.org/10.1016/j.carbpol.2020.116826
https://doi.org/10.1039/c9tb02716e
https://doi.org/10.1016/j.biomaterials.2010.02.044
https://doi.org/10.1016/j.biomaterials.2010.02.044
https://doi.org/10.1016/j.biomaterials.2018.05.044
https://doi.org/10.1016/j.biomaterials.2018.05.044
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Rational Design of Smart Hydrogels for Biomedical Applications
	Introduction
	Classification of Hydrogels
	Natural Polymer
	Chitosan
	Alginate
	Agarose
	Hyaluronic Acid
	Other Natural Polymers

	Synthetic Polymers
	PEG
	PVA
	Peptide
	DNA
	Other Synthetic Polymers

	Multipolymer

	Smart Hydrogel in Biomedical Application
	Physical Responsive Hydrogels
	Thermosensitive Hydrogels
	Photosensitive Hydrogels
	Shape Memory Hydrogels
	Nanocomposite Hydrogels

	Chemical Responsive
	Glucose Responsive Hydrogels
	pH-Responsive Hydrogels

	Biochemically Responsive
	Enzyme-Sensitive Hydrogels
	Reactive Oxygen Species-Sensitive Hydrogels


	Conclusions and Future Perspectives
	Author Contributions
	Funding
	References


