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Although intelligent hydrogels have shown bright potential application in biomedical fields, they were
prepared by conventional methods and still face many serious challenges, such as uncontrollable
stimulus-response and low response sensitivity. Recently, RAFT polymerization provides a versatile
strategy for the fabrication of intelligent hydrogels with improved stimulus-response properties, owing

to the ability to efficiently construct hydrogel precursors with well-defined structure, such as block
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copolymer, graft copolymer, star copolymer. In this review, we summarized the recent progress on
intelligent hydrogels based on RAFT polymerization with emphasis on their fabrication strategies and
applications for controlled drug delivery.
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1. Introduction

Hydrogel is a kind of polymer network system, which is soft in
nature and could maintain a certain shape while absorbing large
amounts of water [1,2]. Owing to the viscoelastic properties similar
to living tissues and the permeability to various types of molecules,
hydrogels have received extensive attentions in the fields of
biomedicine, biochemistry and so on [3-10]. According to the
responsibility to external stimuli, hydrogels can be divided into
traditional hydrogels and intelligent hydrogels. Traditional hydro-
gels are insensitive to environmental changes, while intelligent
hydrogels, also known as stimuli-responsive hydrogels, have the
ability to respond to external stimuli, such as temperature [11-15],
pH [16-19], light [20-23], magnetism [24,25], ion concentration
[26], electrical field [27], solvent composition [28,29], pressure
[30], biomolecules [31-33]. When external stimulus is applied, the
network of intelligent hydrogel will shrink or swell accordingly,
resulting in significant changes of the hydrogel matrix properties
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[34,35]. Due to the remarkable responsiveness, intelligent hydro-
gels have been widely utilized in various fields, such as controlled
release drug carriers [36-40], tissue engineering [41], chemical/
biological separators [42,43], gene carriers [44], optical microlens
[45]. Although intelligent hydrogels show bright application
prospects, some serious problems remain to be solved, such as
how to achieve a controllable stimulus response and improve the
response sensitivity.

It is well known that the chemical composition and molecular
structure of the polymer precursors act a pivotal role in
determining the hydrogel properties. In recent years, numerous
efforts have been made to overcome the problems faced by
intelligent hydrogels through regulating the structure of polymer
precursors [46-48]. Among them, due to the advantages of wide
range of suitable monomers and strong molecular design ability,
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization, one of the controlled/living radical polymerizations (CRP),
has developed into a strong tool to design the structure of polymer
precursors [49-51]. RAFT polymerization can easily achieve the
fabrication of block, graft and star copolymers with narrow
molecular weight distribution, which providing a versatile
platform for the manufacture and performance upgrading of
intelligent hydrogels [52-54]. Nowadays, a large number of
literatures have reported on the intelligent hydrogels based on
RAFT polymerization, which exhibit a controllable stimulus
response or a high response sensitivity [55,56]. It is well worth
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summarizing the progress and future development of intelligent
hydrogels based on RAFT polymerization. However, as far as we
know, there is little literature to do such work.

The aim of this review is to sum up the recent progresses of
intelligent hydrogels based on RAFT polymerization. In the present
article, RAFT polymerization will be introduced in detail first,
followed by the construction of single response and multi-
response hydrogels based on RAFT polymerization, respectively,
and their applications in drug-controlled release. At the end of this
article, current challenges and future prospect for RAFT based
intelligent hydrogels will be discussed.

2. RAFT polymerization
2.1. Controlled/living radical polymerizations (CRP)

Since the concept was first put forward in 1956 [57], living
polymerization has gradually developed into a research focus with
industrial application value and academic significance in the field
of polymer chemistry [58,59]. Living polymerization refers to a
polymerization without both chain transfer reactions and chain
termination, and the active species can still remain active even
after the monomers are all consumed [60-62]. Based on these
characteristics, living polymerization makes the molecular design
of polymer chains a reality.

According to the initiation mechanism, living polymerization
can be divided into living radical polymerization, living anionic
polymerization, living cationic polymerization, living coordination
polymerization and so on [63-66]. Compared with the other living
polymerizations, living radical polymerization are suitable for
more kinds of monomers and can be processed under relatively
mild conditions [67,68]. Furthermore, Matyjaszewski et al. defined
the concept of controlled/living radical polymerization (CRP), in
which the growth chain radicals can reversibly form dormant
active species with other substances and have the potential to
continue to grow with narrow molecular weight distribution
(PDI<1.3) [69]. At present, the most influential and mature
strategies of CRP including stable free radical polymerization
(SFRP), initiation-transfer-terminator (Iniferter), atom transfer
radical polymerization (ATRP), reversible addition-fragmentation
chain transfer (RAFT), and so on [70-74]. Among them, RAFT
polymerization has attracted numerous attentions due to its ability
to synthesize various block copolymers with narrow molecular
weight distribution, wide range of reaction temperature (generally
from 40°C to 160°C), and reaction process without protecting
groups.

2.2. Mechanism of RAFT polymerization

In general, organic compounds with large chain transfer
constants used in RAFT polymerization are called RAFT agents,
as shown in Fig. 1. RAFT agents are mainly divided into two
categories with methylene or sulfur as X group, respectively
[75,76]. However, RAFT agents with methylene as X group were not
commonly used as their synthesis and post-treatment are
troublesome [77]. The most commonly used RAFT agents with
sulfur as X group including trithioesters and dithioesters, such as
trithiocarbonates, xanthates, dithiocarboxylic acid esters, dithio-
carbamate [78-83]. The Z group can activate C=S bond so that it
can react with free radicals. The R group can be easily cleaved, and
the resulted free radicals can effectively re-initiate the polymeri-
zation of the monomers. By modulating the structure of R and Z
groups, the corresponding chain transfer constant can be changed
by 5 orders of magnitude.

A typical RAFT polymerization could be divided into three
phases, initiation phase, chain transfer phase and termination
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Fig. 1. Schematic representation of RAFT agent.

phase. In the initiation phase, monomer (M) is initiated by initiator
(I) to form free radicals (Pn-). In the chain transfer phase, Pn- reacts
with the chain transfer agent (RA) to form PnA (-) R, which can be
reversibly broken into new chain transfers PnA and free radical R-.
R- can reinitiate M to obtain Pm- and PmA, possessing the same
chain transfer properties as the original RA. As the rate of addition
or fragmentation is much faster than that of chain growth, RAFT
agent rapidly switches between active and dormant free radicals,
leading to the growing polymer chain with narrow molecular
weight distribution (Fig. 2) [49]. Such mechanism endows RAFT
polymerization the ability to fabricate desirable block copolymers
with pre-designed composition, block sequence and molecular
weight by controlling the feeding sequence and amount of pre-
selected monomers in polymerization. The ability to achieve the
multidimensional regulation of polymer chain structure makes
RAFT polymerization a fantastic platform for the preparation of
intelligent hydrogels with improved response performance.

2.3. Strategy for the fabrication of intelligent hydrogels based on RAFT
polymerization

Owing to the unique polymerization mechanism, RAFT
polymerization can efficiently achieve the fabrication of hydrogel
precursors with well-defined structure, such as block copolymer,
graft copolymer, star copolymer, which provides a huge library of
building materials for the construction of intelligent hydrogels
[84-86]. In addition, RAFT agents can be modified with a variety of
functional groups, further enriching the construction of intelligent
hydrogels [87,88]. At present, the most commonly utilized
strategies for intelligent hydrogel preparation include one-step
RAFT polymerization, sequential RAFT polymerization and the
combination of RAFT polymerization and click chemistry.
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Fig. 2. Equilibria of RAFT polymerization.
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For one-step polymerization, monomers and cross-linkers are
added at once, then react under the modulating of RAFT agent,
which usually applied for the preparation of single response
hydrogel with uniform structure (Fig. 3). Sequential RAFT
polymerization, in which different monomers are polymerized
sequentially, is frequently employed to synthesize AB, ABA and ABC
copolymers for the preparation of comb-type intelligent hydrogels
or multi-response hydrogels (Figs. 4-6). Under certain conditions,
some kinds of RAFT agents can be end-functionalized for click
chemistry, which provides a new design idea for the construction
of intelligent hydrogels by the combination of RAFT polymeriza-
tion and click chemistry (Fig. 7). The advantages and limitations of
these polymerization strategies are summarized in Table 1.

3. Single responsive hydrogels based on RAFT polymerization
3.1. Temperature-responsive hydrogels based on RAFT polymerization

At present, temperature-responsive hydrogels, also known as
thermo-sensitive hydrogels, which are sensitive to ambient
temperature, have developed into one of the most studied
intelligent hydrogels [89,90]. In general, the swelling behavior
of thermo-sensitive hydrogels does not change gently, but shrink
or swell sharply at a certain temperature, known as critical phase
transition temperature (Tc) [91]. According to the temperature
response behavior, thermo-sensitive hydrogels can be divided into
two categories: thermo-expansion hydrogels and thermo-shrink
hydrogels [92,93]. Nowadays, hydrogels based on poly(N-isopro-
pylacrylamide) (PNIPAAm), a kind of thermo-shrink hydrogels,
have attracted the most attentions in the thermo-sensitive
hydrogels field [94-96]. As PNIPAAm performs a lower critical
solution temperature (LCST) at about 32 °C[97], which is very close
to human physiological temperature (37°C), PNIPAAm-based
hydrogels have been widely utilized for biomedical application.
However, traditional PNIPAAm-based hydrogels generally pos-
sessed low response rate and monotonous performance, which
severely limited their application prospects [98-101]. Recently, the
sequential RAFT polymerization, in which the functional molecular
chains can be introduced into the polymer network in a graft or
block copolymerization manner by the selection of the RAFT agent,
has developing into an efficient tool to prepare PNIPAAm-based
hydrogels with improved performance.

3.1.1. PNIPAAm-based hydrogels with rapid response behaviors
Numerous studies have shown that the introduction of
hydrophilic polymer chains in the hydrogel network can accelerate
the flow of water molecules in the matrix, thereby increasing the
response rate of the hydrogel, which is beneficial to improve the
sensitivity of drug release [102]. Based on such idea, Zheng'’s group
has made a lot of efforts to fabricate PNIPAAm-based hydrogel with
rapid response behaviors by sequential RAFT polymerization.
For example, Zheng et al. prepared PNIPAAm-based hydrogel
under the modulating of poly(ethylene oxide)-terminated trithio-
carbonate as macro-RAFT agent (Fig. 8) [103]. After such
processing, PEO chains were efficiently grafted onto PNIPAAm
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Fig. 3. Schematic illustration of one-step RAFT polymerization.
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Fig.4. Schematic representation of AB copolymers for the preparation of intelligent
hydrogels by sequential RAFT polymerization.
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Fig. 5. Schematic illustration of ABA copolymers for the preparation of intelligent
hydrogels by sequential RAFT polymerization.
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Fig. 6. Schematic illustration of ABC copolymers for the preparation of intelligent
hydrogels by sequential RAFT polymerization.

network. The swelling test indicated that the obtained PNIPAAm-g-
PEO hydrogels exhibited faster responses to external temperature
changes compared with the control PNIPAAm hydrogel, owing to
the hydrophilicity of the grafted hydrophilic PEG chain. Next,
Zheng et al. used 1,4-phenylenebis(methylene)bis(ethyl xanthate)
as RAFT agent to synthesize a,w-dixanthate-terminated poly(N-
vinyl pyrrolidone) (PVPy), which work as macro-RAFT agent to
fabricate PVPy-b-PNIPAAm hydrogel [104]. The swelling tests
revealed that the inclusion of PVPy nanophases accelerated the
diffusion of water molecules, leading to the faster response rate of
PNIPAAm-b-PVPy hydrogels than the control PNIPAAm hydrogel.
Similarly, Zheng et al. prepared PNIPAAm-b-PAA hydrogel with
a,w-dicarbonotrithioate-terminated poly(acrylic acid) as macro-
RAFT agent by sequential RAFT polymerization [105]. Although the
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Fig. 7. Schematic illustration of the combination of RAFT polymerization and click
chemistry.

swelling ratios of PNIPAAm-b-PAA hydrogel decreased sharply, the
response rate increased significantly, as the result of the formation
of stable interchain complexation between PNIPAAm and PAA
chains. Furthermore, Zheng et al. synthesized PNIPAAm-b-PSSNa
hydrogel via sequential RAFT polymerization with a,w-didithio-
benzoate-terminated PSSNa as macro-RAFT agent. Due to the
formation of PSSNa microdomains, which accelerated the flow of
water molecules within hydrogel matrix, the thermo-responsive
properties of the nanostructured hydrogels were improved
significantly [106].

3.1.2. PNIPAAm-based hydrogels as drug-controlled release systems

Owing to the LCST approaching to human body temperature,
PNIPAAm-based hydrogels have significant potential for biomedi-
cal applications [107,108], especially as drug-controlled release
systems. However, the performance of traditional PNIPAAm-based
hydrogels was too monotonous to meet practical application
needs. Recently, RAFT polymerization has suggested new avenues
for the preparation of high-performance PNIPAAm-based hydro-
gels for drug release applications, due to its ability to achieve the
efficient and diverse introduction of functional molecular chains
into the hydrogel matrix.

Numerous researches have been reported RAFT-generated
thermo-responsive copolymers of PNIPAAm acted as drug carriers.
For example, Bohec et al. fabricated a well-defined Tpy-PDMA-b-P
(NIPAAm-co-VDM) hydrophilic block copolymer by sequential
RAFT polymerization with terpyridine (Tpy-CTA) as RAFT agent
(Fig.9)[109]. A metallic bis-terpyridine complex (Fe(Tpy-PDMA-b-
P(NIPAAm-co-VDM)),]**) could be formed by the introduction of
Fe?" into a concentrated solution of Tpy-PDMA-b-P(NIPAAm-co-
VDM) (8% w/v). With the increasing of temperature, a hydrogel
could be formed by the self-assembly of the thermo-responsive
P(NIPAAm-co-VDM) blocks. Such sol-gel thermo-reversible transi-
tion favor Tpy-PDMA-b-P(NIPAAm-co-VDM) micelles the potential
as thermo-responsive drug release systems. Zeng et al. synthesized
poly(N-isopropylacrylamide)-g-poly(sulfobetaine methacrylate)
hydrogel (GH) by sequential RAFT polymerization with 2-(2-
carboxyethylsulfanylthiocarbonyl sulfanyl) propionic acid as RAFT
agent [110]. Compared to traditional PNIPAAm-co-PSBMA hydrogel

Table 1
The advantages and limitations of three kinds of polymerization strategies.
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(CH), GH performed a faster shrinking rate (losing more than 72% of
the water within 15 min) owning to a highly porous architecture.
The in vitro test showed that the sustained release of tetracycline
hydrochloride from GH could reach 48 h, which was much longer
than that of CH (only 5 h). Tang et al. synthesized thermo-sensitive
di-block copolymer, PNIPAAm-b-POAG, in which POAG acted as a
biocompatible segment, via sequential RAFT polymerization [111].
The excellent sol-gel transition performance within a temperature
range, covered the physiological conditions, enabled PNIPAAm-b-
POAG micelles to transform into hydrogel immediately after the
injection into physiological conditions. Especially, the in vitro test
indicated that such PNIPAAm-b-POAG hydrogel could realize the
sustained release of methylene blue for 120 h. Prosperiporta et al.
synthesized copolymers with varying NIAAm, AAm, acrylic acid N-
hydroxysuccinimide (NAS), and (R)-a-acryloyloxy-3,5-dimethyl-
y-butyrolactone (DBA) by RAFT polymerization with 2-(dode-
cylthio-carbonothioylthio)-2-methylpropionic acid as RAFT agent
[112]. After the injection into physiological conditions, poly
(NIPAAm-AAmM-NAS-DBA) copolymers could undergo a sol-gel
transition by the trigger of temperature and work as a scaffold for
controlled release of ophthalmic therapeutics. The physical
properties and drug release behavior of such scaffold could be
precisely modulated by varying monomer ratio and molecular
weight of each monomer.

Duvall et al. [113] fabricated three kinds of ABC tri-block
copolymers-based hydrogels with desirable degradability and drug
release performance, PPS;35-b-PDMA;5,-b-PNIPAAM,,5 (PDN),

Polymerization

Advantages

Limitations

One-step polymerization
Sequential RAFT polymerization
Combination of RAFT polymerization and click chemistry

Convenient operation, uniform performance
Multi-responsive property, uniform performance
Multi-responsive property, diversification of structural
design

Single property
Complex operation, low yield
Complex operation, low yield, impurity residue
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PCLg5-b-PDMA150-b-PN[PAAM15() (CDN), and PLGAﬁo-b-PDMA14g-
b-PNIPAAM;5;, (LGDN) (Fig. 10). In this work, hydrophilic PDMA
and thermo-responsive PNIPAAm worked as the “B” and “C” blocks,
respectively, while degradable materials with different degrada-
tion mechanisms, poly(propylene sulfide), poly(e-caprolactone)
and poly(p,.-lactide-co-glycolide) worked as the “A” blocks.
Typically, hydroxyl end-functional PPS was synthesized based
on anionic ring opening reaction, then coupled with the RAFT agent
end functionalized by carboxyl to work as macro-RAFT agent. With
the addition of DMA and NIPAAm in sequence, PDN was obtained.
CDN and LGDN were also prepared by the similar method as
described for PDN. The micelle solutions of these ABC tri-block
copolymers could preload with therapy agents and immediately
transformed into hydrogel at body temperature. The release profile
of Nile Red indicated that the three kinds of hydrogels performed
different release behaviors, fast release for LGDN, slow release for
CDN and slow but more consistent release for PDN. Furthermore,
the in vivo test showed that these hydrogels implants could
improve robust cellular infiltration without any inflammatory
response. Such a series of hydrogels with designable degradation
mechanisms and drug release performance were also promising
vehicles for the delivery of other therapy agent. Similarly, Li et al.
[114] have synthesized hydrogels based on P(NIPAAm-FPA-DMA)
copolymers, and the in vitro toxicity test demonstrated such
hydrogels behaved good biocompatibility. Notably, for the in vitro
release of Dox, such hydrogels enhanced drug release due to the
high mobility of the polymer chains at high temperature.

Jiang et al. fabricated ABA tri-block copolymers with controlla-
ble MW and structure, in which the inner B block of hydrolysable
betaine ester (HBE) was flanked by two outer A blocks of PNIPAAm,
by sequential RAFT polymerization [115]. Similar to the other
PNIPAAm-based ABA block copolymers, the micelles of PNIPAAm-
PHBE-PNIPAAm copolymer solutions undergo a sol-gel transition
upon physiological conditions. Besides, due to the positive surface
charge, PHBE facilitated both the controlled release of antimicro-
bial drug with counter ion and the attachment of mammalian cells
during tissue regeneration. Such hydrogel had promising applica-
tions as antimicrobial wound dressing.

3.2. pH-Responsive hydrogels based on RAFT polymerization

Since the first report by Tanaka in 1980 [116], pH-responsive
hydrogels have attracted more and more attentions. The pH-
responsive hydrogels generally contain alkaline or acidic groups
(such as carboxyl, sulfonic or amino groups) that ionize as the pH
changes [117-119], thus resulting in the dissociation of hydrogen
bonds of polymer chains within networks and producing a
discontinuous change in the swelling volume. The pH-responsive
hydrogels prepared by traditional methods usually exhibited
heterogeneous matrix properties and monotonous functions,
which were not conducive for their applications. At present, RAFT
polymerization has been frequently utilized to construct pH-
responsive hydrogels due to its convenience in the preparation of

polymer precursors with well-defined structures and the intro-
duction of functional components.

Armes et al. constructed a novel hydrogel based on worm-like
diblock copolymers, which were prepared by glycerol monome-
thacrylate (GMA) and 2-hydroxypropyl methacrylate (HPMA) with
carboxylic acid-based RAFT agent [120]. By increasing the solution
pH, the ionization of carboxylic acid end-group induced the sol-gel
transition, leading to the de-gelation of GMA-HPMA hydrogel at
once. The TEM and rheology tests indicated that only minimal
amounts of carboxylic acid group could drive such reversible
morphological transition. Li et al. fabricated a novel covalent
dynamic hydrogel based on RAFT polymerization [121]. In this
work, poly(2,2-bis(hydroxymethyl)butylacrylate) (PHBA) and poly
(VPB-co-DMA) with well-defined structure were first separately
synthesized by RAFT polymerization. After the mixing of the two
polymeric precursors, hydrogels could form rapidly, due to the
reversible phenylborate ester bonds between phenylboronic acid
and 1,3-diol. Upon modulating solution pH, such hydrogel could
transform back into polymer solutions. Besides, such hydrogel
performed excellent self-healing behavior without any other
treatment. The pH induced reversible sol-gel transition and self-
healing ability enable the PHBA-poly(VPB-co-DMA) hydrogel to
work as a promising drug carrier. Furthermore, Li et al. function-
alized PHBA with single-walled carbon nanotubes (f-SWCNTSs) by a
nitrene addition reaction [122]. The obtained f-SWCNTs modified
PHBA-poly(VPB-co-DMA) hydrogel exhibited remarkably im-
proved mechanical performance, which was favor for practical
applications. Kitiri et al. constructed a multi-functional double-
network (DN) hydrogel comprised of a first pH-responsive network
by sequential RAFT polymerization and a second mechanical
enhanced network by free radical photopolymerization (Fig. 11)
[123]. Such pH-responsive hydrogel with remarkable mechanical
performance provided a reference for the next-generation
biomaterials.

Guo et al. synthesized well-defined copolymers based on
diacetone acrylamide (DAAM) and acrylamide (AM) by one-step
RAFT polymerization, then dynamically covalent bonded by
hexanedihydrazide, resulting in the gelation [124]. The mechanical
property and gelation concentration of this hydrogel could be
modulated by varying the monomers ratio. Besides reversible sol-
gel transition induced by pH alternation, such hydrogel exhibited
self-healing ability without extra treatment. In addition, the in vitro
test showed that this hydrogel possessed pH-responsive controlled
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release of rhodamine B. The rhodamine B burst released initially
and subsequently sustained until over 36 h at pH 6.0, 76 h at pH 7.4
and 17h at pH 2.5, respectively. The studies showed that the
release of drug in a proper environment (pH 7.4) was more efficient
than in an acidic environment, which might depend on the
stability of hydrogel.

Liu et al. employed another strategy to prepare pH-responsive
hydrogel with improved mechanical properties [125]. In this study,
graphene/PAA hydrogel was synthesized by RAFT polymerization
with graphene modified RAFT agent. Compared with traditional
PAA hydrogel, graphene/PAA hydrogel exhibited more excellent
elastic properties. Most importantly, the pH responsive hydrogel
could be utilized as drug carrier. Compared to pH 2.0, the in vitro
test showed that this hydrogel could realize more efficiently
controlled release of doxorubicin in the intestine environment. The
conclusion was similar to the research of Guo et al. Moreover, Wang
et al. directly utilized the anticancer drug podophyllotoxin
derivative hydrophobic monomer to synthesize the poly(tri-
ethylene glycol methacrylate)-b-poly(podophyllotoxin methacry-
late) copolymers via RAFT polymerization [126]. The sustained
release manner of podophyllotoxin was depended on pH value. In
addition, Wang et al. prepared a pH-sensitive hydrogel that could
degrade and release antibiotics when bacterial infection resulting
in acidic environment [127]. Hydrogel was synthesized by
copolymerization of vancomycin, PAA and PDMAEMA which was
prepared via RAFT polymerization. Importantly, the hydrogel was
demonstrated good biocompatibility.

3.3. Other single stimuli hydrogels based on RAFT polymerization

Recently, except for temperature and pH, other stimulus
including light, magnetism, chemical agents and so on have also
been commonly employed to trigger hydrogels for biomedical
applications [128-131], such as drug delivery herein. RAFT
polymerization provided a versatile platform to functionalize
hydrogels with such response performances.

For example, Banerjee et al. synthesized a novel PCL based
macro-RAFT agent by the combination of ring opening polymeri-
zation of e-caprolactone and xanthate mediated RAFT polymeri-
zation [132]. The obtained macro-RAFT agent was employed to
fabricate fluorescence responsive ionic block copolymers (BCPs),
PCL-b-PMTAC and PCL-b-PSS, based on cationic PMTAC and anionic
PSS with the copolymerization of a trace amount of fluorescein O-
acrylate and 9-anthryl methylmethacrylate respectively to endow
both BCPs fluorescent. With the cooperation of the two oppositely
charged BCPs, a fluorescence active polyacrylamide-based hydro-
gel with self-healing ability was obtained. In addition, MTT assay
experiments indicated that such hydrogel was non-toxic, which
was favor for the application in the biomedical applications. Jiang
et al. employed PEO based macro-RAFT agent to construct a novel
ABA triblock copolymer (Fig. 12) with well-defined structure based
on 4-(phenylethynyl)styrene (PES) [133]. By the reaction between
alkyne-functionalized PPES block and Co,(CO)g, triblock copoly-
mer/cobalt adducts were obtained. When subjected to 120°C, a
magnetic hydrogel could be formed due to the hydrophobic PPES
domains. Swelling tests, actuation tests and rheological studies
showed that the water capacity and mechanical properties of such
hydrogels relied on the composition of the copolymer precursors.
This method was also suitable for other transition metal nano-
clusters, which provided a new approach to construct magnetic
hydrogels.

Yang et al. synthesized a novel PEO based RAFT agent to fabricate
PAAPBA-b-PEO-b-PAABPA triblock copolymers based on 3-(acryl-
amino)phenylboronic acid (AAPBA) [134]. The gelation measure-
ments at physiological pH demonstrated that when the PAABPA
block chain length was too long, the PAAPBA-b-PEO-b-PAABPA
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Fig. 12. Schematic representation of the formation of magnetic hydrogel.

hydrogel was unstable because of the high hydrophobicity of the
PAABPA segment. Accordingly, this hydrogel dissolved within 1.5 h
after the presence of high concentration of glucose, which
interacted with PAABPA segment and thus increased its hydrophi-
licity. The in vitro test indicated that this hydrogel could achieve
controlled release of FITC-BSA by the presence of glucose. Similarly,
Wu et al. prepared the glucose-sensitive poly(APBA-b-LAMA)
hydrogel. Initially, P(APBA) was engendered by RAFT polymeriza-
tion, and subsequent as macro RAFT agent react with LAMA to gain
poly(APBA-b-LAMA) hydrogel after dialyzing against water [135].
The obtained glucose-sensitive hydrogel was demonstrated good
biocompatibility and applied for insulin delivery. Due to LAMA can
enhance the charged phenylborates toincrease the hydrophilicity of
the hydrogels, the high content of hydrogels was, the high LC of
insulin was. The research about insulin release showed that more
LAMA contents resulted in further extending insulin release
because of high cross-linking density. Without any stimulus,
hydrogels behaved rapid release (~50%) 4 h before and 69% insulin
released within 42 h. After treated with 3 mg/mL glucose, the
amount of insulin release was up to 81%, which demonstrated such
hydrogel was sensitive to glucose.

4. Multi-responsive hydrogels based on RAFT polymerization

Because of the complexity of biological system, single response
hydrogels often fail to meet practical application requirements,
multi-responsive hydrogels have emerged on a large scale
nowadays [136-138]. For multi-responsive hydrogels, it is a
challenge to achieve the controlled polymerization of various
functional monomers, which is the key factory for the multi-
responsive performance. Obviously, RAFT polymerization provided
an efficient platform to overcome such problems.

4.1. Temperature/pH dual-responsive hydrogels based on RAFT
polymerization

As temperature and pH are two important and easily controlled
parameters of biological systems, temperature/pH dual-responsive
hydrogels have developed into a research hotspot for biomedical
applications, and the introduction here is for drug delivery
systems. Most research focused temperature- and pH- responsive
polymer on PNIPAAm and PAA, respectively. Compared with
traditional polymerizations, RAFT polymerization provides an
approach to achieve the efficiently combination of the two
responsive behaviors.

Zhang et al. constructed a novel glucosyl triblock copolymer
(PGNA) with narrow polydispersity based on acryloyl glucofur-
anose, N-isopropyl acrylamide and acrylic acid by sequential RAFT
polymerization [139]. Upon temperature changes, PGNA solutions
undergo a sol-gel transition, and the obtained PGNA hydrogels
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were also sensitive to the pH changes. The in vitro test showed that
PGNA hydrogels could realize the controlled release of aspirin
under the modulating of temperature and pH. This kind of
temperature/pH dual-responsive hydrogels have promising po-
tential applications as injectable drug carrier. Similarly, Yang et al.
constructed ABC terpolymer (NAV) with temperature and dual-pH
sensitive property based on NIAAm, AA and N,N-dimethylacryla-
mide (DMA) by sequential RAFT polymerization [140]. The
reversible sol-gel transition could be modulated by temperature
(about 37°C) and pH. Model drug methylene blue (MB) delineated
a sustained release behavior in vitro injection of hydrogels. The
tunable drug release efficiency indicated the potential of
PNIPAAm- and PAA-based external sensitive hydrogels applied
as drug carriers. Otherwise, as drug carriers, hydrogels were
modified by chitosan based on dual responsive polymers, which
got ideal release efficiency. There were many good examples.
Zhang et al. employed NIAAm and AA to constructed DF-
poly(NIPAAm-co-AA) as precursor by dibenzaldehyde (DF) termi-
nated RAFT agent [141]. With the addition of glycol chitosan (GC),
GC-DF-poly(NIPAAm-co-AA) hydrogel was obtained. Besides tem-
perature and pH sensitivity, such hydrogel exhibited excellent
injectable and self-healing properties. Furthermore, this kind of
hydrogel has successfully applied for drug-controlled release and
3D cultivation of L929 cells. Besides, temperature- and pH-
responsive hydrogel nanocomposite was prepared through RAFT
polymerization of acrylic acid and N-isopropyl acrylamide onto
chitosan and then modified by Hosseinzadeh et al. [142]. Such
modified hydrogel nanocomposite was used as carrier for drug
doxorubicin (DOX) controlled release. Notably, the in vitro release
studies delineated the sustained release manner of hydrogel and
the dual temperature and pH responsiveness. And within 48 h, the
82% of loaded DOX was escaped from the hydrogel. From the
researches mentioned above, the chitosan-based hydrogel may be
a valuable drug delivery system for drug controlled released.
Wang et al. synthesized azido-PNIPAAm with pendant azido
groups as hydrogel precursors by the combination of RAFT
polymerization and click chemistry (Fig. 13) [143]. Then well-
defined a,w-bispropargyl PNIPAAms with various molecular
weights were prepared by employing a bis propargyl terminal
RAFT agent to work as cross-linker. A series of PNIPAAm based
hydrogels were obtained by the click chemistry. Owing to the
introduction of amine, such hydrogels could also show pH
sensitivity. The swelling and stimulus response behaviors of this
kind of hydrogels could be easily controlled by modulating the
length of cross-linker and introducing other functional groups.
Similarly, Sheng et al. [144] prepared temperature sensitive azida
functionalized poly[2-(2-methoxyethoxy)ethyl methacrylate-co-
oligo(ethylene glycol)methacrylate-co-N-hydroxymethyl acrylam-
ide] and pH sensitive alkyne functionalized poly(methacrylic acid)
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Fig. 13. Schematic illustration of the formation of PNIPAAm hydrogel.

by ATRP and RAFT polymerizations, respectively. By the click
chemistry, a new temperature/pH dual-responsive hydrogel was
formed. The swelling behaviors and pore size of this hydrogel could
be adjusted by the temperature and pH, which directly affected the
release behavior of bovine serum albumin. Besides, Chen et al.
constructed a series of comb-type grafted hydrogels based on
poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) and
PNIPAAm. In this study, azido end functionalized PNIPAAm-
(N3), and PDMAEMA-(N3), with various chain length were
prepared as macro cross-linkers by ATRP polymerization. And
alkynyl side functionalized P(DMAEMA-co-ProA) and P(NIPAAm-
co-ProA) were fabricated as hydrogel precursors by the RAFT
polymerization of propargyl acrylate with NIPAAm or DMAEMA
[145]. Through the azido-alkynyl click reaction, a temperature/pH
dual-responsive hydrogel was obtained. Such hydrogels performed
high swelling ration, repeatable swelling/de-swelling cycles and
fast response rate under various temperature and pH conditions.
The in vitro test revealed that these hydrogels could achieved a
feasibility of ceftriaxone sodium depend on both temperature and
pH.

4.2. Other multi-responsive hydrogels based on RAFT polymerization

Except for temperature/pH dual-responsive hydrogels, RAFT
polymerization was also frequently employed to construct other
dual-responsive hydrogels, in which one of the stimuli was
generally temperature or pH.

For example, Hemp et al constructed a novel ABC block
copolymer by sequential RAFT polymerization based on hydro-
philic oligo (ethylene glycol) methyl ether methacrylate and both
temperature and pH sensitive diethylene glycol methyl ether
methacrylate (DEG) and [2-(methacryloyloxy) ethyl] trimethy-
lammonium chloride [146]. The critical micelle temperatures of
such copolymers were easily tuned by the composition and ionic
strength of aqueous mediums. The copolymers underwent a
reversible sol-gel transition upon a temperature and salt dual-
depend gel point, which was helpful for biomedical applications.
Liu et al. utilized RAFT polymerization to synthesize the ABC
triblock copolymer that performed two-step phase transition at
29°C and 39°C [147]. By micelles’ aggregation induced by
temperature and the concentration of PEG chains, the hydrogel
could be formed and show obvious thermo-responsive behavior.
Banerjee et al. synthesized two kinds of block copolymers, cationic
PFMA-b-PMTAC and anionic PFMA-b-PSS by sequential RAFT
polymerization, respectively [148]. In water, the two kinds of
micelles could be formed with PFMA as core and the rest segments
as corona. The PFMA core could be crosslinked by bismaleimide via
Diels-Alder (DA) click chemistry at 60°C and de-crosslinked at
165 °C. After the mix of equal charge ratio of the two oppositely
charged micelles, a new class of self-assembled hydrogels could be
obtained. Such hydrogel exhibited self-healing behavior upon in
water (ionic interaction) or heating (DA reaction) and had potential
as medical dressing. Liu and coworkers prepared the thermo- and
photo-responsive hydrogels based amphiphilic triblock copoly-
mers PNIPAAm-b-PNAM-b-PNBOC by RAFT polymerization for
loading GCT and DOX [149]. The studies showed that either
temperature decrease or UV irradiation at a fixed temperature
lower than the critical gelation temperature could accomplish gel-
to-sol transition. Drug GCT and DOX could be carried in the
hydrogel, and the temperature or UV irradiation modulated the
sol-gel transition to control co-release manner.

Roy et al. successfully prepared the pH and salt responsive
hydrogels after Boc deprotection from a series of amino acid based
organogels under acidic conditions, which were prefabricated by
RAFT polymerization [150]. The swelling behavior of resulted
hydrogels was greatly affected by the amino acid moiety, ionic
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strength and pH of solutions. Patrickios and coworkers prepared
the hydrogel based on dynamic covalent polymer networks via
RAFT polymerization with 2-cyano-2-propyl benzodithioate as
chain transfer agent, which possessed pH and copolymer concen-
trations dual-responsive property [151]. The hydrogel was studied
under different pH values and copolymer concentrations, and the
hydrogel formation time test showed that increasing concentra-
tion could reduce the time owing to the increasing amine and
acetoacetate units. Besides, when the pH value was at 8.0, such
hydrogel was formed in a minimum time. Chen et al. employed
RAFT polymerization to construct two kinds of zwitterionic 2-
methacryloyloxyethyl phosphorylcholine-based copolymers with
sugar and benzoxaborole groups, respectively [152]. By mixing the
two copolymers, a hydrogel was obtained immediately based on
dynamic benzoxaborole-sugar interactions, which further endow-
ing the hydrogel self-healing and injectable abilities. The
rheological tests demonstrated that the higher the sugar content
and pH were, the higher strength the hydrogels possessed.
Furthermore, the in vitro measurements showed that such
hydrogel possessed excellent biocompatibility. This kind of self-
healing hydrogels with pH/sugar dual-sensitivity have promising
application potential in biomedical fields.

Recently, except for dual-response hydrogels, hydrogels with
even more response properties have also been studied. For
example, Voit et al. synthesized poly(4-vinylbenzoic acid) (PVBA)
macromonomer by RAFT polymerization. By the radical polymeri-
zation of acrylamide functionalized PVBA and NIPAAm, novel
tetra-sensitive graft copolymer hydrogels were obtained [153]. The
net-PNIPAAm-g-PVBA hydrogels exhibited high volume change
and sharp transition independently upon four different stimuli,
temperature, pH, solvent and salt, which endowed this kind of
hydrogels potential biosensor value. Additionally, Voit et al. also
constructed net-PNIPAAm-g-PAA hydrogels in a similar method
(Fig. 14) [154]. Such hydrogels were also sensitive to four stimuli,
temperature, pH, salt and ethanol.

5. Conclusion and outlook

RAFT polymerization can efficiently construct hydrogel pre-
cursors with well-defined structure, such as block copolymer, graft
copolymer, star copolymer, which provides a huge library of
building materials for the fabrication of intelligent hydrogels. In
this review, three kinds of strategies, one-step RAFT polymeriza-
tion, sequential RAFT polymerization and the combination of RAFT
polymerization and click chemistry, for the preparation of
intelligent hydrogels based on RAFT polymerization were summa-
rized. Sequentially, the fabrication and biomedical applications of
intelligent hydrogels with single-response and multi-response
behaviors were introduced in detail, respectively.

$ - §
i > PyBOF, DIPEA
N st ® o> &Y G . >

DTP propargylamine DTP-alkync

L]
L ACP, [ _—
) s T S -t
PAA-alkyne
AA 2

m e sis-r +

-3
g Cgrwrmng o
PAA-vinyl

5

| CuS0.51120
() Geg™grmmmy 4 3 i
Sodium ascorbate

I-(azidomethyl)-4-vinylbenzene

: i
A s, & ¥ g’ + .z"--‘_\_,-‘-"- \ 0
NIPAAmM BIS
Net-PNIPAAmM-g-PAA
NN,

® N, o~ e ()

Fig. 14. Schematic illustration of the formation of net-PNIPAAm-g-PAA hydrogels.

Although RAFT polymerization exhibited promising potential in
the construction of intelligent hydrogels, some cute problems still
exist. For example, RAFT agents are generally expensive and
difficult to industrial production. Besides, the obtained products
tend to color as the residues of RAFT agents, which is difficult to
remove completely. And the residual RAFT agents may cause the
products to be toxic. Furthermore, radical initiator is required in
this reaction, and it is inevitable to leads to uncontrolled initiation
and termination. All these problems put forward new require-
ments for the molecular design and preparation of RAFT agents.
Although RAFT polymerization has these shortcomings, the
advantages of RAFT polymerization for the preparation of
intelligent hydrogels are more prominent. Maybe in the future,
with the development of novel RAFT agents, the above problems
can be solved to a large extent.
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