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Excellent mechanical strength is critical for polymer hydrogels to be successfully applied in the field

of mechanical devices and tissue engineering scaffolds. Herein, novel nanoparticle-reinforced

polyacrylamide-based hydrogel with high mechanical strength was designed and successfully prepared

in this work through the RAFT polymerization of acrylamide (AM) and ethylene glycol dimethacrylate

(EGDMA) in the presence of particulate macro-RAFT agents in water. Amphiphilic poly(acrylic acid)-b-

polystyrene (PAA-b-PS) copolymer was first synthesized via RAFT copolymerization in methanol. Then

the vesicles of about 200 nm in size and decorated with RAFT groups were formed by the self-assembly

of PAA-b-PS copolymers during the water dialysis, which can be considered as particulate macro-RAFT

agents. After the addition and the polymerization of EGDMA and AM monomers in order, hydrogel filled

with uniformly distributed PAA-b-PS nanoparticles was in situ formed, showing an extraordinary

compression strength and tensile strength up to 7.0 MPa and 2.0 MPa, respectively, as well as an

excellent fatigue resistance under loading–unloading. The self-reinforcement effect of the PAA-b-PS

nanoparticles should be related to the strong interaction originating from the chemical and hydrogen

bonds between the particulate macro-RAFT agents and polyacrylamide chains. This work provides not

only a novel method for macro-RAFT agents, but also opens a new feasible strategy to prepare high-

performance hydrogels reinforced by polymeric nanoparticles.
1. Introduction

Hydrogels with a three-dimensional network structure
composed of hydrophilic polymer chains have attracted
considerable attention in various applications including
mechanical devices, scaffolds for tissue engineering, carriers for
drug delivery, matrices for bioseparation, etc.1–6 Conventional
hydrogels are very exible, having a rather low modulus and
compression strength due to their nature specic structure.
Therefore, new synthesis and modication methods for
hydrogels with high integrated mechanical properties have long
been explored with the expansion of hydrogel application
elds.7–9 The incorporation of nanoparticles with various
structures and morphologies into the polymeric hydrogel
matrix can be considered as a facile and effective way to obtain
enhanced hydrogels, similar to the particle strengthening effect
in polymer bulk matrix.10–14 But this particle strengthening
effect in hydrogels greatly depends on the interaction between
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the lled nanoparticles and hydrogel network. However, most
inorganic nanoparticles always have a bad adhesion to hydrogel
networks since only weak physical interactions such as van der
Waals' force, electrostatic interaction, and hydrogen bonds exist
between them.15–19 This will further result in the inhomoge-
neous distribution of the nanoparticles, as well as the bad
structure and mechanical performance stability of hydrogels
aer receiving frequentative external forces.

Recently, the utilization of polymeric nanoparticles to
enhance hydrogels has been extensively studied due to their
good compatibility and the easy introduction of myriad active
chemical junction sites on polymeric nanoparticles.20–24 For
example, Fu et al. prepared Pluronic F127 micelles modied
with vinyl functional groups served as multifunctional cross-
links for the synthesis of polyacrylamide hydrogel.25 The
prepared tough and strengthened composite hydrogels had
a tensile strength up to 276 kPa with a fracture strain 2265%
and a compressive toughness of 3.5 MPa at 90% strain.
However, the post functionalization on the enhanced polymer
nanoparticles sometimes is associated with complex or difficult
processes. Formation of functionalized polymer nanoparticle
direct from the initial synthesis of special-functionalized
macromolecular chains is an obviously facile and efficient
way. It was found in our previous work26 that RAFT-agent-
decorated sulfonated polystyrene (SPS) microspheres can be
RSC Adv., 2017, 7, 1513–1519 | 1513
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View Article Online
prepared directly from the radiation RAFT emulsion polymeri-
zation of styrene (St) in water with 2-
dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid
(DMP) as the RAFT agent. The DMP decorated SPS micro-
spheres could initiate continuously the RAFT polymerization of
acrylic acid (AA) on the SPS microspheres, which means RAFT-
agent-decoratedmicrosphere can be considered as a big “living”
particulate RAFT agent. This kind of “living” polymer particles
evidently can produce strong chemical links with the polymer
matrix through the in situ reactions between the active function
groups on lled nanoparticles and the polymer chains, which
can greatly improve the enhancement effect of the lled poly-
mer nanoparticles.

Inspired by the above concept of “living” polymer nano-
particles, we herein designed and synthesized successfully
highly tough and elastic hydrogels taking advantage of the RAFT
polymerization of acrylamide (AM) and ethylene glycol dime-
thacrylate (EGDMA) in the presence of novel macro-RAFT agents
with an average size of about 200 nm composed of amphiphilic
poly (acrylic acid)-b-polystyrene (PAA-b-PS) copolymer. The
uniformly distributed PAA-b-PS nanoparticles in hydrogel acted
as multi-arms crosslinkers, which can maintain the structure
stability of both the nanoparticles and hydrogel matrix. The
resultant nanoparticles reinforced hydrogels showed an
extraordinary compressive strength and tensile strength up to
7 MPa and 2.0 MPa, respectively, as well as an excellent fatigue
resistance under loading-unloading.
2. Experimental
2.1. Materials

Styrene (St, 99%, Sinopharm Chemical Reagent Co. Ltd) was
puried by passing through the alkaline alumina oxide column
before use. Acrylic acid (AA, AR, Sinopharm Chemical Reagent
Co. Ltd) was distilled under vacuum prior to use. 2,20-Azobisi-
sobutyronitrile (AIBN, AR, Sinopharm Chemical Reagent Co.
Ltd) was recrystallized from ethanol. Ethylene glycol dimetha-
crylate (EGDMA, 98%, Sigma Aldrich) was used as received. All
other analytical pure chemicals were purchased from Sino-
pharm Chemical Reagent Co. Ltd, and used as received.
Deionized water was utilized in all experiments.
2.2. Synthesis of 2-dodecylsulfanylthiocarbonylsulfanyl-2-
methyl propionic acid (DMP)

The synthesis of DMP was operated according to the previous
report.27 Typically, 1-dodecanethiol (20.2 g, 0.10 mol), acetone
(58.0 g, 1.0 mol), and tricaprylylmethylammonium chloride
(1.0 g, 0.0025 mol) were mixed in a ask under a nitrogen
atmosphere in an ice-water bath. Sodium hydroxide solution
(50%) (4.5 g) was slowly dropped in over 10 min. Aer the
mixture was stirred mechanically for 20 min, carbon disulde
(7.6 g, 0.10 mol) in acetone (10.0 g) was added dropwise within
30 min. The color of the solution turned gradually red. Then,
chloroform (17.8 g, 0.15 mol) was added, followed by the
addition of 50% sodium hydroxide solution (40 g) dropwise over
20 min. The mixture was stirred overnight. Finally, 200 mL of
1514 | RSC Adv., 2017, 7, 1513–1519
water and 80 mL of concentrated HCl (37%) were added in
sequence to acidify the aqueous solution, then the generating
solid was ltered and re-dispersed into 300 mL of isopropanol.
Aer the insoluble solid was ltered off, the isopropanol solu-
tion was concentrated and dried in a vacuum oven at 25 �C for
24 h. The crude product was recrystallized from hexane twice to
obtain 13.5 g of the product. The yield of the synthesis of DMP
was 36.3%. The 1H NMR of the synthesized product was
measured on Bruker AV 300 MHz spectrometer using CDCl3 as
the solvent, as shown in Fig. S1.† All the peaks can be assigned
as follows: d: 3.28 (t, 2H, –S–CH2C11H23), 1.73 (s, 6H, –S–
C(CH3)2COOH), 1.67 (m, 2H, –S–CH2CH2C10H21), 1.46–1.17 (m,
18H, –CH2CH2C9H18CH3), 0.88 (t, 3H, –C11H22CH3).
2.3. Preparation of poly(acrylic acid)-b-polystyrene (PAA-b-
PS) vesicles via reversible addition fragmentation transfer
(RAFT) polymerization and self-assembly in water

The RAFT polymerization of amphiphilic PAA-b-PS copolymer
can be conducted according to the previous work.28 First, AA
(7.2 g, 0.1 mol), DMP (0.364 g, 1 mmol), AIBN (16.4 mg, 0.1
mmol), and tetrahydrofuran (THF, 8 mL) were added into a 25
mL of polymerization tube with a magnetic bar. Aer degassing
through three freeze–evacuate–thaw cycles, the polymerization
tube was sealed aer being vacuumed and placed into an oil
bath at 80 �C. Aer 2 h, the polymerization was terminated by
putting the system into liquid nitrogen. The product, termed
PAA-DMP, was puried by precipitating into 100 mL of diethyl
ether. The crude product re-dissolved in THF and repeated the
above steps, nally PAA-DMP product was dried under vacuum
for 24 h at 30 �C. The 1H NMR spectrum of PAA-DMP was
measured on Bruker AV 300 MHz spectrometer using DMSO-d6
as the solvent, as shown in Fig. S2.† All the peaks can be
assigned as follows: d: 2.20 (m, 60H, –CHCOOH–), 1.08 (m, 26H,
–(CH3)2, –(CH2)10–), 0.85 (m, 3H, –CH3). Based on the above
data, the block length of PAA-DMP was calculated to be 60.

Next, the as-prepared PAA-DMP was mixed with St, AIBN,
and methanol at different ratios in a 10 mL of polymerization
tube. The detailed recipes are listed in Table 1. Aer being
degassed through three cycles of freeze–evacuate–thaw, the
polymerization tube was sealed aer being vacuumed and
placed into an oil bath at 80 �C for 20 h. The reaction was
stopped by putting the system in liquid nitrogen. Then let the
polymerization tube be exposed to air. The reacted dispersion
was divided into two parts. One part was dialyzed in ethanol for
48 h to remove the unreacted monomers, and then dried for
24 h under vacuum at 30 �C. The 1H NMR spectra of the prod-
ucts were measured on Bruker AV 300 MHz spectrometer using
the mixture of DMSO-d6 and CDCl3 (DMSO-d6: CDCl3¼ 1 : 1 v/v)
as the solvent, as shown in Fig. S3.† All the peaks are assigned as
follows: d: 7.01–6.23 (m, 5H, protons of benzene ring of styrene),
2.28 (m, 1H, –CHCOOH– of PAA), 1.50 (m, 3H, –CH2(CH–)– of
PS). The length of PS blocks of the obtained product was
determined by the above 1H NMR analysis, and the results are
listed in Table 1. The other part was dialyzed in water for 48 h,
followed by being diluted to a whole volume of 50 mL with water
This journal is © The Royal Society of Chemistry 2017
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Table 1 The recipes for the synthesis of PAA-b-PS copolymer

Samples PAA-DMP (g) St (g) nSt/PAA-DMP
a AIBN (mg) nPAA-DMP/AIBN

b Methanol (g) PAAx-b-PSy
c

Run 1 96 2.08 1000 0.33 10 2 PAA60-b-PS127
Run 2 96 2.08 1000 0.33 10 3 PAA60-b-PS150
Run 3 38.4 2.08 2500 0.13 10 2 PAA60-b-PS180
a The molar ratio of St to PAA-DMP. b The molar ratio of PAA-DMP to AIBN. c x and y are the average numbers of the AA and St units respectively
measured by 1H NMR spectra.

Scheme 1 The synthesis and the formation process of the PAA-b-PS
vesicles as the particulate macro-RAFT agent.
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to further use. During the water dialysis process, PAA-b-PS
capped with the end groups of DMP formed vesicles in water.

2.4. The removal of the capped DMP end groups on PAA-b-PS

As a control, “dead” PAA-b-PS polymer chains, i.e. without any
DMP end groups, were prepared as follows: the aqueous
dispersion with a certain concentration of PAA-b-PS capped with
DMP end groups was mixed with 50 mg of sodium borohydride
aer being bubbled with nitrogen 30 min. The system was
stirred at room temperature for 24 h. The unreacted sodium
borohydride was removed by heating the system to 35 �C under
mechanically stirring and standing for 24 h.

2.5. The preparation of PAA-b-PS nanoparticles reinforced
hydrogel (PNR-HG)

Firstly, EGDMA was added to a specic amount of the above
prepared aqueous PAA-b-PS dispersion. The dispersion was
magnetically stirred for 6 h at room temperature. Then,
a certain amount of acryl amide (AM) and ammonium persul-
phate (APS) were dissolved into the above dispersion. To
prepare hydrogel samples for the compression tests, the
dispersion was poured into a 10 mL of syringe and placed in an
oven of 50 �C for 16 h aer being bubbled with nitrogen for
2 min. As to the hydrogel samples for the tensile tests, the
dispersion was poured into the cylindrical space with a height
of 2 mm fenced by a circular rubber band sandwiched between
two glass plates. The whole system was placed in an oven of
50 �C for 16 h aer being bubbled with nitrogen for 2 min. Then
the formed hydrogel was cut into several strips for the tensile
test. As a control, unlled polymer hydrogel was prepared by the
polymerization of AM and EGDMA in water at the similar
conditions in the absence of PAA-b-PS copolymers.

2.6. Characterization

The transmission electron microscopy (TEM, Hitachi H-7650,
100 kV) and scanning electron microscopy (SEM, JEOL
JSM6700F, 5.0 kV) were used to observe the morphology of
vesicles and hydrogels. The number-average diameter of poly-
mer vesicles was measured in the SEM images with at least 100
particles. Mechanical tests of the all samples were carried out
on the Electronic Universal Testing machine (WSK-20KB,
Intelligent Equipment Co., Ltd.) at room temperature. The
compressive test samples were cylindrical hydrogels (14.1 mm
in diameter and 10 � 1 mm in height), and with a 20 kN load
cell at a crosshead speed of 5 mm min�1. The compressive
This journal is © The Royal Society of Chemistry 2017
stress (s) and strain (3) were calculated by the following
equations:

s ¼ load/pr2 (1)

3 ¼ (h0 � h)/h0 (2)

where r is the radius of the sample, h0 and h are the sample
heights before and aer compression, respectively. The tensile
tests were performed on rectangle shaped hydrogel specimens
with a 100 N load cell at a crosshead speed of 5 mm min�1.
3. Results and discussion
3.1. Synthesis of amphiphilic PAA-b-PS copolymers by RAFT
polymerization and their self-assembly in water

In order to have an effective enhancement on hydrogels, the
lled polymer nanoparticles should at least have a hydrophilic
surface shell, which will favour to produce a good particle dis-
persibility and a strong affinity to the hydrogel matrix. But to
maintain the morphological stability of the polymer nano-
particles in aqueous environments, hydrophobic polymer cores
are also necessary. Therefore, amphiphilic PAA-b-PS copolymers
were synthesized via RAFT polymerization method in this work
to form the reinforced polymer particles. The synthesis and the
formation process of PAA-b-PS vesicles are illustrated in
Scheme 1.

PAA with an average of 60 AA units (PAA-DMP) was rst ob-
tained by a RAFT polymerization of AA in THF using DMP as the
RAFT agent. Then PS chains were continuously grown from the
“living” PAA chains in methanol to form amphiphilic PAA-b-PS
copolymer chains. The length of PS block increased with the
feed molar ratio of St to PAA-DMP (nSt/PAA-DMP) basically at the
same molar ratio of PAA-DMP to AIBN, which was conrmed by
the 1H NMR spectra displayed in Fig. S3.† The PAA-b-PS
copolymer chains can be considered as “living” copolymer
chains since they are end-capped with the active RAFT groups.
Aer the methanol solution of the “living” PAA-b-PS copolymer
RSC Adv., 2017, 7, 1513–1519 | 1515
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Fig. 2 (a) The illustration of the in situ synthesis of PAA-b-PS nano-
particles reinforced hydrogel; (b) the appearance of PAA-b-PS nano-
particles reinforced hydrogel synthesized in an crab-shapedmould; (c)
SEM image of the freeze-dried PAA-b-PS nanoparticles reinforced
hydrogel; (d) SEM image of the freeze-dried pure PAM hydrogel. The
insets in (c) and (d) are the corresponding SEM images with a high
magnification.
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was dialyzed with water, the amphiphilic chains would self-
assembly and phase separation would take place due to the
poor solubility of PS in water. The morphologies of the aggre-
gation of PAA-b-PS copolymer with different PS block length
(PAA60-b-PS127, PAA60-b-PS150, and PAA60-b-PS180) in water were
xed by freeze-drying technique and observed by TEM and SEM,
as shown in Fig. 1. Hollow or porous particles sized several
hundreds of nanometers are displayed, implying PAA-b-PS
copolymers formed vesicle-like structure in water. PAA60-b-PS180
particles have a size of about 700 nm, much higher than that of
PAA60-b-PS127 (�240 nm) and PAA60-b-PS150 (�180 nm). The
pores should be le aer the evaporation of the inner water
phase formed during the phase separation of PS and stabilized
by the PAA-b-PS, acting as macromolecular emulsier, as illus-
trated in Scheme 1. The PAA-b-PS vesicles can be dispersed very
stable in water, no aggregation could be observed even aer the
dispersions had been standing for 30 d, as shown in Fig. S4.† To
achieve the in situ reinforcement of the nanoparticles originated
from the self-assembled vesicles on hydrogels, EGDMA and AM
monomers were directly added in order in the aqueous
dispersion of the PAA-b-PS vesicles. It's well known that AM is
a totally water-soluble monomer. In order to let the end group of
RAFT agent in the inner hydrophobic PS phase participate the
polymerization reaction, we added the hydrophobic and polar
monomer EGDMA rst in the dispersion. The system stood for
6 h at room temperature to let EGDMA fully swell the vesicles.
Then AM monomer and APS were added in the system to start
the copolymerization reaction. Evidently, the swelling of vesi-
cles can promote the diffuse of monomer and initiator mole-
cules in the vesicles and enhance the mobility of amphiphilic
polymer chains, which favours the copolymerization of AM and
EGDMA in vesicles. Aer the polymerization of EGDMA and AM
was initiated by APS at 50 �C, PAA-b-PS nanoparticles reinforced
hydrogel (PNR-HG) were one-step fabricated into any shape, as
shown in Fig. 2a and b. To make sure whether hydrophobic
EGDMA monomers can be permeated into the PAA-b-PS vesi-
cles, EGDMA was mixed with pure water and the aqueous
dispersion of PAA-b-PS vesicles, respectively. As shown in
Fig. S5,† when EGDMA was dispersed in pure water, large oil
droplets can be observed in water under optical microscope
Fig. 1 TEM (a1–c1) and SEM (a2–c2) images of PAA-b-PS nano-
particles after the freeze-drying of the aqueous dispersion of PAA60-b-
PS127 (a1, a2), PAA60-b-PS150 (b1, b2), and PAA60-b-PS180 (c1, c2)
vesicles.

1516 | RSC Adv., 2017, 7, 1513–1519
(Fig. S5A†). But if EGDMA was dispersed in the aqueous
dispersion containing PAA-b-PS vesicles, no large oil droplets
could be observed (Fig. S5B†), indicating most of EGDMA will
be distributed in the vesicles. At the same time, the size of the
vesicles increases obviously aer the addition of EGDMA, as
detected by DLS (Fig. S5C†). The result indicates that EGDMA
monomers can be homogenously distributed into the stable
PAA-b-PS vesicles, and then chemically linked on the PAA-b-PS
vesicles through RAFT polymerization, similar to the RAFT
graing polymerization of PAA on SPS microspheres capped
with the living DMP end groups reported in our previous work.
The continuous macroporous structure and nanoparticles
originated from the vesicles were uniformly embedded in the
gel network (Fig. 2c inset). As a comparison, the SEM image of
the freeze-dried PNR-HG in Fig. 2d displays a regular structure
of pure PAM hydrogel. Only smooth polymer walls of the mac-
ropores can be observed since no particles can be found in the
PAM hydrogel matrix.
3.2. Mechanical performance of PNR-HGs

The compression performance of the PNR-HGs prepared under
various compositions have been investigated as shown in Fig. 3.
Fig. 3a shows the compressive stress–strain curves of PNR-HGs
lled with the PAA-b-PS nanoparticles with different PS block
length, compared with that of the unlled PAM hydrogel. It can
be seen that the compressive strengths of all PNR-HGs aremuch
higher than that of the unlled hydrogel, indicating that the
PAA-b-PS nanoparticles do have remarkable reinforcement
effect on the hydrogel. It is also noted that the reinforcement
effect of PAA-b-PS nanoparticles will be enhanced with the
increase of the PS block length under the same particle weight
content. Further, the effect of the weight contents of the
PAA60-b-PS150 nanoparticles had been investigated as shown in
Fig. 3b. When the weight content of PAA60-b-PS150 nanoparticles
is lower than 3 � 10�4 g mL�1, a little amount of PAA-b-PS
nanoparticles will show a great reinforcement effect on the
hydrogel. For example, the compressive strength at 90% strain
of PNR-HG reinforced by 2 � 10�4 g mL�1 of PAA60-b-PS150 was
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The compressive stress–strain curves of unfilled PAM hydrogel
and PNR-HGs filled with PAA-b-PS nanoparticles with different PS
block length (the nanoparticle weight content in all PNR-HGs was 2 �
10�4 g mL�1) (a); the compressive stress–strain curves of PNR-HGs
reinforced by different weight contents of the PAA60-b-PS150 nano-
particles (b); the compressive stress–strain curves of PNR-HGs filled
with PAA60-b-PS150 nanoparticles prepared via RAFT polymerization
and classic free radical polymerization (c); the compressive stress–
strain curves of PNR-HGs reinforced by the PAA60-b-PS150 nano-
particles with different weight contents of EGDMA (d) and AM (e).

Fig. 4 The compressive stress–strain curves and the digital photos
(inset images) of PNR-HGs preparedwith different comonomers at the
presence of 2.25� 10�2 g mL�1 of PAA60-b-PS150 vesicles. The weight
contents of AM and comonomer are 20% and 10%, respectively.

Fig. 5 Cyclic compressive stress–strain (a); stress–time curves at
a strain of 80% (b); the compression-recovery process recorded by
a digital camera (c).
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raised to 7 MPa, while that of the unlled hydrogel was only
4 MPa. The compressive stress–strain curve of PNR-HG rein-
forced by 1.6 � 10�4 g mL�1 of PAA60-b-PS150 is nearly the same
with that reinforced by 2 � 10�4 g mL�1 of PAA60-b-PS150, as
shown in Fig. S6.† However, the compressive strength of
PNR-HGs unexpectedly dropped with the further increase of the
weight content of PAA-b-PS nanoparticles. The compressive
stress–strain curve of PNR-HG reinforced by 3.2 � 10�4 g mL�1

of PAA60-b-PS150 is similar to that of the unlled hydrogel. The
compressive strength of PNR-HG lled with 5 � 10�4 g mL�1 of
PAA60-b-PS150 was still lower than that of PNR-HG lled with 2�
10�4 g mL�1 of PAA60-b-PS150. This may have relationship with
much less amount of monomers swelling in each nanoparticles
when the content of nanoparticles is raised but the monomer
content is xed, which will make less polymer chains be linked
on the nanoparticles so as to decrease the adhesion between the
nanoparticles and hydrogel matrix and result in the deteriora-
tion in the compressive strength. The immobilization of
hydrogel polymer chains on the PAA-b-PS nanoparticles
prepared from RAFT polymerization can be proved by the
dramatic decrease of the compressive performance of hydrogel
lled with PAA-b-PS nanoparticles without the active DMP end
groups, as shown in Fig. 3c, because aer the active DMP groups
were removed from the PAA-b-PS copolymer chains, “dead” PAA-
b-PS nanoparticles would be formed so that the nanoparticles
were simply physically blended into the hydrogel. This implies
that the PAA-b-PS nanoparticles capped with DMP end groups
will take part in the polymerization of AM and EGDMA as
particulate macro-RAFT agents, resulting in much more strong
chemical connections between the polymer nanoparticles and
hydrogel matrix so as to further improve the compression
performance of the hydrogel. The existence of EGDMAmay have
an important contribution on the strength of the PNR-HGs
since the bifunctional EGDMA monomers and chains may
This journal is © The Royal Society of Chemistry 2017
serve as crosslinkers in the PAM network. As shown in Fig. 4, the
hydrogel prepared from an aqueous dispersion containing 20%
of AM and 2.25 � 10�2 g mL�1 of PAA60-b-PS150 vesicles is a very
sticky uid, implying that the PAA-b-PS nanoparticles have no
reinforcement effect since little hydrophilic AM was distributed
in the vesicles. If 10% of monofunctional monomer, e.g.methyl
methacrylate (MMA), was added as the comonomer, monolith
hydrogel will be obtained. But its strength is evidently lower
than that of the hydrogel using the same amount of EGDMA as
the comonomer. The result indicates the crosslinking-effect of
EGDMA can also make a contribution on the strength of the
nal PNR-HGs. The effects of the weight contents of monomers,
i.e., EGDMA and AM, on the compressive performance of PNR-
HGs are also exhibited in Fig. 3d and e, respectively. It is
comprehensible that the compressive strength of PNR-HGs
increases with the weight content of each monomer because
RSC Adv., 2017, 7, 1513–1519 | 1517
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Fig. 6 Tensile stress–strain curve of PAA60-b-PSt150 nanoparticles
reinforced hydrogel (a). Inset: the photography of hydrogel lifting
a 100 g weight; the cyclic tensile curves of hydrogel at different strain
(b) and at 100% strain (c).
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the higher the monomer content, the more crosslinking density
and the stronger hydrogen bonding interaction in the gel.

To investigate the fatigue resistance of the prepared
PNR-HG, consecutive cyclic compression tests were conducted
at a strain of 0.8 and resulted in almost overlapping hysteresis
loops, as shown in Fig. 5a. This indicated that no signicant
irrecoverable damage has been occurred in the hydrogel. The
compression stress–time curves also demonstrated the excel-
lent fatigue resistance of the hydrogel under the loading–
unloading as shown in Fig. 5b. It is intuitively obvious in Fig. 5c
that the PNR-HG quickly recovered to its original shape upon
the removal of the external compression force, indicating the
hydrogel with excellent elasticity and fatigue resistance in each
compressive cycle.

Tensile strength of the PNR-HG was measured using rect-
angle shaped hydrogel samples prepared at a condition of 20%
AM, 5% EGDMA, and 2 � 10�4 g mL�1 PAA60-b-PS150 nano-
particles. As shown in Fig. 6a, the PNR-HG showed a tensile
fracture stress of 2 MPa at 225% strain, and it can li a 100 g
weight (Fig. 6a, inset). Cyclic tensile tests at different stains and
100% strain were also investigated respectively. The hysteresis
increased with the extension, but the hysteresis is very slight in
every loading-unloading cycle, indicating that the hydrogel has
an excellent recovery ability aer the remove of the tensile stress
(Fig. 6b). When the cyclic tensile tests were conducted at a 100%
strain, the loading-unloading curves completely overlapped, as
shown in Fig. 6c. These results suggest that the PNR-HG
possesses a high stiffness and tensile resilience.

4. Conclusion

In summary, we prepared novel PAA-b-PS vesicles through RAFT
copolymerization of AA and St with DMP in methanol, followed
by the self-assembly of PAA-b-PS molecular chains during the
water dialysis. The active DMP end group decorated PAA-b-PS
vesicles can act as the particulate macro-RAFT agents to initiate
the “living” polymerization of monomers swollen in the vesi-
cles. Therefore, aer mixing the aqueous dispersion of PAA-b-PS
vesicles with the comonomers (AM and EGDMA), PAM based
hydrogels with high mechanical performance were then
successfully prepared via the copolymerization of monomers.
Different from the conventional physical blending with polymer
nanoparticles, the particulate macro-RAFT agents lled in
hydrogels can link polymer chains of hydrogel matrix through
the initiation of RAFT polymerization of monomers in the
1518 | RSC Adv., 2017, 7, 1513–1519
nanoparticles so as to produce strong adhesions between
nanoparticles and hydrogel matrix and achieve the self-
reinforcement effect of the hydrogels. The prepared hydrogels
show the extraordinary compression strength up to 7 MPa at
90% strain and high tensile strength up to 2.0 MPa, as well as
excellent fatigue resistance under loading–unloading. This
work opens a new direction to the synthesis of high-
performance hydrogels taking advantage of the self-
reinforcement effect of active polymer nanoparticles.
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