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In this investigation, a tough hydrogel was reinforced by macromolecular microspheres (MMs) as
hydrophobic association centers via free radical polymerization with different initiation systems. The
thermal initiator is potassium persulfate and the redox initiators include potassium persulfate and
N,N,N',N'-tetramethylethylenediamine (TMEDA). The mechanical measurements showed that the
hydrogel with a redox initiation system possesses a tensile strength of 1.55 MPa, which is much higher
than the hydrogel with a thermal initiator. Moreover, the hydrogel with redox initiators exhibited rapid

self-recovery to its 90% original dimension in several seconds and low swelling property. The large
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Accepted 24th February 2017 difference in the morphology of hydrogels before and after swelling was due to the tight entanglement

of molecular chains in the internal structure of hydrogels with redox initiators. As a result, the
hydrophobic association hydrogels toughened by MMs with excellent mechanical properties would be
useful for biomedical applications of tough tissue engineering, such as tendon, muscle, and blood vessel.
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Introduction

Hydrogels consisting of a polymer network are soft and wet
materials with a large amount of water and have been utilized
widely in biomedical, industrial and agricultural fields, such as
in drug delivery carriers,"® wastewater treatment,*” tissue
scaffolds,*® food chemistry,”'® biosensors,'>** and superabsor-
bent materials.”*'* However, some practical applications of
hydrogels were greatly limited by their weak mechanical
strength and difficult recovery after deformation. Therefore,
some effective toughening mechanisms for hydrogels have been
explored, including double network hydrogels,'>'® slide-ring
hydrogels,"”” nanocomposite hydrogels,'®>" macromolecular
microsphere composite hydrogels,***® hydrophobic association
hydrogels*”~** and other hybrid hydrogels.****

Wang et al. reported a hydrogel toughened by macromolec-
ular microspheres (MMs). In their system, MMs modified by
peroxide groups served as initiators and chemical crosslinking
points to toughen the hydrogels by irradiation with 60Co y-rays.
As a result, MMs could not only prevent the further
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development of cracks, but these hydrogels could also be
stretched to deform and absorb a large amount of energy. The
resulting MMs hydrogels exhibited excellent compressive
properties, but the tensile strength was weak, possibly due to
the presence of only chemical crosslinking in the hydrogel
network.”” Other inorganic nanoparticles or micelles were also
utilized to reinforce the mechanical behaviour of hydrogels. For
example, Shi et al. developed a ternarily crosslinked nano-
composite physical hydrogel, which showed a long elongation
of 2800% and weak fracture strength of 256 KPa.*” Fu et al.
developed a nanomicelle hydrogel crosslinked by vinyl-
functionalized thermosensitive pluronic F127 micelles. The
obtained hydrogel was super tough, highly resilient and
thermo-responsive. However, the tensile strength was reported
not to exceed 300 KPa.*>** In the recent past, Okay et al. reported
about hydrophobic association hydrogels, which exhibit excel-
lent self-healing efficiency and ultra-stretchable strain.
However, these hydrogels have a low tensile strength of 250
KPa‘35,36

In our recent investigation, novel macromolecular micro-
spheres (MMs) were prepared via a conventional emulsion
polymerization method and served as a crosslinking centre for
hydrophobic segments to enhance the mechanical strength of
hydrogels. The resulting MMs-toughened hydrogels were
prepared via using a thermal initiation system and exhibited
a fracture strength of 0.55 MPa.>® However, the thermal initia-
tion system requires a high reaction temperature, possibly
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inducing a heterogeneous network structure when the hydrogel
is formed. Based on the above conception, we proposed
a strategy to improve the mechanical properties of hydrogels,
which were formed at low ambient temperatures. It was facile
for impart the hydrogels with a homogeneous crosslinking
structure. It was envisioned that a redox initiation system of low
temperature could be utilized to prepare hydrogels with excel-
lent mechanical behaviours.

Herein, we prepared MMs toughed hydrogels via free radical
polymerization with different initiation systems. The thermal
initiator was potassium persulfate and the redox initiators con-
sisted of KPS and N,N,N N'-tetramethylethylenediamine
(TMEDA). It was envisioned that the hydrogels obtained by
a redox initiation system could possess tighter entanglements
among the polymer molecular chains in its internal structure due
to the instantly generated large number of free radicals to trigger
monomer polymerization under a low ambient reaction
temperature. In this study, we investigated the swelling behavior
of hydrogels obtained by different initiation systems to illustrate
the degree of the homogeneous distribution of crosslinking
centers and physical entanglement of the polymer molecule
chains; the morphology of the hydrogels was examined by
Scanning Electron Microscopy (SEM). Subsequently, the hydro-
gels were also measured by tensile, compressive and rheological
tests to investigate the effects of different reaction systems on the
mechanical properties of the hydrogels. It was envisioned that
the tough hydrogels would attract much attention in biomedical
applications, such as tendon, muscle, and blood vessel.

Experimental

Materials

Acrylamide (AAm, 99.0%), sodium dodecyl sulfate (SDS,
=97.0%), potassium persulfate (KPS, 99.5%), N,N,N’,N'-tetra-
methylethylenediamine (TMEDA, =99.5%), sodium chloride
(NacCl, 99.5%), dicyclopentyl acrylate (DCPA, 99.5%), sodium
carbonate (Na,COs;, 99.0%) were supplied by Aladdin
(Shanghai, China). Hexadecyl methacrylate (HMA, 95.0%) and
butyl acrylate (BA, 95.0%) were supplied by Zhejiang Kangde
New Materials Co., Ltd, China. Deionized water (18.2 Q cm
resistivity at 25 °C) was used in the experiment.

Preparation of macromolecular microspheres (MMs)

The macromolecular microspheres (MMs), 349 nm in diameter,
were prepared in our previous investigation.*® The preparation
was as follows. Appropriate amounts of deionized water, SDS,
Na,CO; were added to a three-necked boiling flask and stirred
for dissolution. SDS and Na,CO; were used as an emulsifier and
an electrolyte, respectively. The monomer (BA) and crosslinking
agent (DCPA) were added to the reactor and kept at 70 °C, and
nitrogen gas was flushed to remove oxygen for 30 min. The
initiator KPS (0.02 g) was added to the reactor after dissolving in
deionized water. The rate of nitrogen bubbling was decreased to
minimize the evaporation. The reaction time was set to 120 min
to obtain a high conversion for the experiment. Finally, we ob-
tained MMs latexes with 349 nm.
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Preparation of hydrogels with a thermal initiator

To illustrate the synthetic procedure, the details were as follows
for hydrogels with a thermal initiator of KPS. NaCl (0.4 g) and
SDS (0.8 g) were dissolved in 20 mL of deionized water at room
temperature by stirring to prepare the SDS-NaCl semi-dilute
solution. After the semi-dilute solution became transparent,
hexadecyl methacrylate (HMA, 1 mol% to AAm) was added to
the SDS-NaCl semi-dilute solution with stirring for 1 h until the
solution was clear. The MMs (1 wt% to monomers) as Cross-
linking centres were then added to the solution by stirring for
5 h for complete dispersion. Acrylamide (5.8 g, AAm) and KPS
(0.02 g) were added to the mixture and stirred for 10 min at
room temperature to obtain a homogeneous solution. Finally,
the solution was carried out at 65 °C for 5 h to obtain MMs
hydrogels, which were named as P(AAm/HMA)-MMs-T. For
comparison, the hydrophobic association hydrogels without
MMs were prepared using the same procedure and called
P(AAM/HMA)-T.

Preparation of hydrogels with a redox initiation system

As described above, after a semi-dilute solution of NaCl-SDS
turned transparent, hexadecyl methacrylate (HMA, 1 mol% to
AAm) was added to the SDS-NaCl semi-dilute solution with
stirring for 1 h until the solution was clear. The MMs (1 wt% to
monomers) as crosslinking centres were then added to the
solution by stirring for 5 h for complete dispersion. Acrylamide
(5.8 g, AAm), KPS (0.02 g) and TMEDA (40 uL) were added to the
mixture and stirred for 10 min at room temperature to obtain
a homogeneous solution. Finally, the solution was carried out at
25 °C for 2 h to obtain the P(AAm/HMA)-MMs-R hydrogels. For
comparison, the hydrophobic association hydrogels without
MMs were prepared using the same procedure and called
P(AAm/HMA)-R.

Uniaxial elongation measurements

To measure the mechanical property of hydrogels, the tensile
measurements (SHIMADZU, model AGS-X, 100N, Japan) were
performed on dumbbell-shaped samples (length = 30 mm,
width = 4 mm, thickness = 3 mm) at a speed of 40 mm min™".
The tensile strength and elongation at break were recorded. For
reproducibility, at least five samples were measured for each
sample and the test results were averaged. For the hysteresis
measurements, the samples were first stretched to a maximum
extension strain of 1000% and then unloaded. The hysteresis
energy (U) was estimated by the area based on the loading-
unloading curves. The stress (o) was calculated approximately
by ¢ = F/wt, where F is the loading force, and w and ¢ are the
original width and thickness of the specimen, respectively. The
strain (¢) under elongation was defined as the change in length
(J) relative to the original length (I,) of the freestanding spec-
imen, ¢ = I/l x 100%. The initial elastic modulus (E) was
calculated as the slope of the compressive stress-strain curve
within the range, ¢ = 0-20%.
Ao

E= Ae (1)

This journal is © The Royal Society of Chemistry 2017
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Hysteresis energy (U) was defined as

oading lunloading
J Fdl - J Fdl
U

0 0
2
wt 2)

where F was the tensile load and [ was the tensile displacements
to the tensile strain.

Compression measurements

The compression measurements (SHIMADZU, model AGS-X, 10
KN, Japan) were performed on cylindrical samples, 22 mm in
a diameter and 12 mm in height at a strain rate of 2 mm min~"
with the mechanical tester. The hydrogel sample was placed
between the plates of the instrument. Before the test, an initial
compressive contact to 0.010 £+ 0.003 N was applied to ensure
complete contact between the hydrogels and the plates. To test
the self-recovery rate of the compressed samples. After
unloading, we immediately measured the height of the original
hydrogel sample at a fixed time interval of 1 min.
Self-recovery rate (w) is defined as

H

(UZFO

(3)
where H,, is the original height and H is the height at a specific
time.

Rheological test

Dynamic rheological measurements were performed on a phys-
ical MCR 2000 rheometer (AR 2000ex). The dynamic viscoelastic
properties (storage modulus G’ and loss modulus G”) of the
hydrogels were determined at different frequencies of 0.01-
100 Hz. Frequency sweep tests for the samples were carried out
at 25 °C using a parallel plate geometry (25 mm diameter).

Swelling measurements

The hydrogels were cut into samples of about 2 g (diameter 20
mm x 10 mm length). Each sample was placed in an excess of
deionized water at room temperature. To reach the swelling
equilibrium, the sample was immersed in water for 20 d and
water was replaced every 24 h. The gel was wiped with filter
paper to remove excess water from the surface, and weighed
carefully at a fixed time interval of 1 day. The swelling ratio (SR)
was calculated from the following equation:

Ws — Wp

SR =
Wp

(4)
where SR is the swelling ratio, Ws and Wy, are the weight of the
swollen hydrogel and the weight of the dry hydrogel, respectively.

Morphological study

The morphological structure of the hydrogels was examined by
Scanning Electron Microscopy (SEM JSM, 6510). The samples
were freeze-dried under vacuum by a freeze drier (FDU-2110,
Eyela). Before the measurement, all samples were placed in
liquid nitrogen for 3 min to break and sputtered with platinum.
The magnification factor was 100.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion

In this approach, the uniform-sized (349 nm) MMs were
synthesized using BA as the main component and DCPA as
a crosslinker in an aqueous medium emulsion polymerization
(as shown in Fig. 1), and corresponding characterization was
reported in our previous study.*® The resulting MMs were added
to the mixture of acrylamide (AAm) as the hydrogel substrate
and hexadecyl methacrylate (HMA) as the hydrophobic
component. Subsequently, in different initiation system, AAm
and HMA were polymerized to form hydrogels using MMs as the
crosslinking centres for hydrophobic association and a large
number of PAAm molecular chains would be well distributed
around the MMs. Based on this hypothesis, the structure of the
MMs-reinforced hydrogels is represented schematically in
Fig. 1.

The initiation system played a significant role in the
mechanical behaviour of hydrogels. In this investigation, two
types of initiation systems including a thermal initiation system
and a redox initiation system were used to synthesize MMs-
toughening hydrogels. The initial mechanism of the redox
initiation system is shown in Fig. 2(a), KPS instantly generated
a large number of free radicals under the function of TEMED at
25 °C. The free radical (I) is one of the initial free radicals
responsible for the initiation of the vinyl polymerization in
addition to the sulfate free radicals (II). However, for a thermal
initiator, KPS was decomposed gradually to HO;SO" at 65 °C
and then the polymerization of the vinyl monomers was initi-
ated, as shown in Fig. 2(b). For the redox initiation system,
because the overall activation energy for the decomposition
process was lower, a large number of free radicals was instantly
produced. These free radicals initiated the polymerization of
monomers. At the same time, the resulting polymer molecule
chains formed tighter entanglement and the crosslinking
centres distributed more evenly due to the instant generation of
a large number of free radicals, as shown in Fig. 1. However, for
thermal initiation system, the overall activation energy for the
decomposition process was higher and the KPS was decom-
posed gradually to HO3;SO" at 65 °C, which made the lengths of

SDS Micelles

Fig.1 Scheme representing MMs-reinforced hydrogels.
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Fig. 2 Mechanism of polymerization reaction the synthesis of
different initiation systems: (a) redox initial mechanism; (b) thermal
initial mechanism.

the resultant polymer chains different.’”** As a result, the tight
degree of physical entanglements among polymer molecule
chains declined dramatically, as shown in Fig. 1.

Swelling characterization is one of the most important
methods for analysing the properties of hydrogels. In this study,
under different initiation systems, the hydrogels had different
network structures and correspondingly exhibited different
swelling behaviours. To reach swelling equilibrium, the
samples were immersed in abundant water for 20 days, the
water was replaced every 24 hours, the gel was wiped with filter
paper to remove excess water from the surface, and weighed
carefully at fixed time intervals of 1 day. The hydrogel prepared
by the thermal initiation system was swollen 45 times (volume
ratio) to its original size and the hydrogel with a redox initiation
system was swollen only 8 times, as shown in Fig. 3(a). The
significantly different swelling behaviours of the two types of
hydrogels adequately illustrated that the hydrogel with a redox
initiation system possessed tighter internal entanglement
structure and homogeneous crosslinking centres distribution
compared to the hydrogel with a persulfate initiation system.*®
Moreover, the swelling ratio in weight of the hydrogels with and
without MMs were measured and is shown in Fig. 3(b). The
hydrogels without MMs exhibited a higher swelling ratio than
MMs-reinforced ones, indicating that MMs could tightly
interact with the hydrophobic segments in hydrogels and result
in low swelling behaviour. Scanning electron microscopy (SEM)
was utilized to observe the morphology of the hydrogels ob-
tained by different initiation systems. It clearly illustrated that
P(AAm/HMA)-MMs-R hydrogels exhibited a more homogeneous
structure than P(AAm/HMA)-MMs-T hydrogels before swelling,

16018 | RSC Adv., 2017, 7, 16015-16021
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Fig. 3 (a) Swelling behaviour and (b) Swelling ratio of P(AAM/HMA)-

MMs-R, P(AAmM/HMA)-MMs-T, P(AAm/HMA)-R and P(AAm/HMA)-T
hydrogels.

as shown in Fig. 4(a and c). After swelling for 12 h, a small
amount of mesh appeared in P(AAm/HMA)-MMs-R hydrogels,
compared with P(AAm/HMA)-MMs-T, due to the tighter internal
entanglement structure and homogeneous distribution of

Fig. 4 SEM images of before (a, c) and after (b, d) swelling of P(AAm/
HMA)-MMs-R (a, b) and P(AAm/HMA)-MMs-T (c, d) hydrogels.

This journal is © The Royal Society of Chemistry 2017
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crosslinking centres in the hydrogels. However, P(AAm/HMA)-
MMs-T hydrogels exhibited a loose network structure, which
was consistent with the swelling, as shown in Fig. 4(b and d).
To measure the mechanical behaviour of hydrogels, the
tensile test was carried out, and the corresponding tensile
curves of hydrogels are shown in Fig. 5(a). The fracture strength
of the hydrogels with a redox initiation system was higher than
that of hydrogels with a thermal initiation system. For the redox
initiation system, the hydrogels possessed a tighter internal
entanglement structure and homogeneous crosslinking centres
(MMs) distribution due to the instant generation of a large
number of free radicals, but the hydrogels with a thermal
initiation system possessed a looser internal structure due to
the resulting polymer chains with different lengths under the
gradual decomposition of the initiator. As a result, the hydro-
gels exhibited excellent mechanical strength based on the tight
internal entanglement structure and homogeneous distribution
of crosslinking centres. Moreover, the mechanical behaviour of
the hydrogels without MMs was also measured and exhibited
slightly lower stress than that of MMs-reinforced hydrogels,
indicating that MMs could interact with the hydrophobic
segments as crosslinking centres and efficiently enhance the
mechanical behaviour of hydrogels. The corresponding elastic
moduli of hydrogels are shown in Fig. 5(b), and the elastic
modulus of hydrogels with a redox initiation system was higher
than that of the hydrogels with a thermal initiation. This was
because under the redox initiation system, the entanglement
between the resulting polymer molecular chains inside the
hydrogels was more compact, and the distribution of cross-
linking centres was homogeneous. As a result, when the
external force was applied to the hydrogel samples, there would
be more polymer chains together to bear the force, which made
the elastic modulus higher. However, under the thermal initi-
ation system, the lengths of the resulting polymer molecule
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Fig. 5 (a) Tensile curves of, and (b) corresponding elastic modulus for
20% strain; (c) tensile cycling tests for 1000% strain and (d) corre-
sponding hysteresis energy of P(AAmM/HMA)-MMs-R, P(AAmM/HMA)-
MMs-T, P(AAm/HMA)-R and P(AAm/HMA)-T hydrogels.
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chains were different and fewer polymer chains undertook the
role of external force, which made its elastic modulus lower. The
stress—strain hysteresis loops were also measured at the strain
of 1000%, as shown in Fig. 5(c). Compared to the hydrogels with
a thermal initiation system, the hydrogels with a redox initia-
tion system exhibited higher dissipation energy because their
tight internal entanglement structure and homogeneous
crosslinking centres distribution made them store more energy
(Fig. 5(d)). Moreover, the corresponding hydrogels without MMs
exhibited lower tensile stress and hysteresis energy. These
results suggest that the MMs-reinforced hydrogels with a redox
initiation system had favourable stiffness and toughness.****
As shown in Fig. 6, the hydrogels with different initiation
systems displayed different mechanical properties. Fig. 6(a-d)
shows that the P(AAm/HMA)-MMs-R hydrogel and the P(AAm/
HMA)-MMs-T hydrogel could be stretched even with a knot.
However, the P(AAm/HMA)-MMs-T hydrogel displayed higher
elongation than the P(AAm/HMA)-MMs-R hydrogel, indicating
that the hydrogels with a thermal initiation system possessed
a looser internal structure corresponding to the stretch data. As
shown in Fig. 6(e), the P(AAm/HMA)-MMs-T hydrogel could lift
the steel block weighing 0.3 kg. However, the P(AAm/HMA)-
MMs-R hydrogel exhibited excellent mechanical strength and
could lift a steel block weighing 1 kg without breaking.
Subsequently, we investigated the self-recovery behaviour of
the hydrogels with different initiation systems using
a compression cycle test. When the compression strain was
90%, the stress of the redox-initiated hydrogel achieved

B9 GRYEe 2 |0

BR8 29 6 b €2 L0L68 L9S Ve T

Fig.6 Mechanical exhibition of MMs hydrogels with different initiation
systems: the P(AAmM/HMA)-MMs-R hydrogel with (a and b) knotting
and stretching, the P(AAm/HMA)-MMs-T hydrogel with (c and d)
knotting and stretching, (e) lifting up the steel block of 0.3 kg and 1 kg
in weight by P(AAm/HMA)-MMs-T hydrogel and P(AAm/HMA)-MMs-R
hydrogel, respectively.
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4.45 MPa, which was higher than that of thermal-initiated
hydrogel with a stress of 3.1 MPa (Fig. 7(a)). After unloading,
as shown in Fig. 7(b), P(AAm/HMA)-MMs-T hydrogel produced
a great deformation and reached 82% of its original dimen-
sions. The deformation only recovered 5% after 10 min and the
P(AAm/HMA)-MMs-T hydrogel reached 87% of its original
dimension. However, P(AAm/HMA)-MMs-R hydrogel quickly
restored to 90% of its original dimension in several seconds and
reached 96% its original dimension after 10 min. As a result, the
P(AAm/HMA)-MMs-R hydrogel obtained by the redox initiation
system had favourable and rapid self-recovery properties, which
was due to the tight entanglement between the resulting poly-
mer molecular chains, and the homogeneous distribution of
crosslinking centers made polymer chains move easily and
quickly restore their original state compared to the P(AAm/
HMA)-MMs-T hydrogel obtained by the thermal initiation
system.”” As shown in Fig. 7(c), the P(AAm/HMA)-MMs-R
hydrogel was dyed with methylene blue to better distinguish
it. Not surprisingly, the P(AAm/HMA)-MMs-R hydrogel quickly
recovered its initial dimensions after the release of the external
force, exhibiting prominent self-recovery behaviour. In contrast,
the P(AAm/HMA)-MMs-T hydrogel was deformed and it was
difficult to maintain its cylindrical shape after unloading.

To describe the variety of internal structures for the hydro-
gels, the rheological test was carried out (as shown in Fig. 8).
The G’ of the hydrogels was independent of the frequency,
which revealed that the network of the hydrogels was stable.
The order of magnitude of G’ of the P(AAm/HMA)-MMs-R
hydrogels obtained by the redox initiation system was always
greater than that of the P(AAm/HMA)-MMs-T hydrogels ob-
tained by the thermal initiation system. Under the thermal
initiation system, the lengths of the molecular chains were
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Fig. 7 (a) Compression curves of P(AAm/HMA)-MMs-R and P(AAm/
HMA)-MMs-T hydrogels; (b) the self-recovery rate of P(AAM/HMA)-
MMs-R and P(AAM/HMA)-MMs-T hydrogels in the compression 90%,
0 min mean after unloading and measured height of the original
hydrogel sample at fixed time interval of 1 min. (c) The photographs of
P(AAm/HMA)-MMs-R  hydrogels (blue) and P(AAM/HMA)-MMs-T
hydrogels (white) during the compression tests.
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Fig. 8 Storage modulus (G') and loss modulus (G”) of P(AAM/HMA)-
MMs-R and P(AAm/HMA)-MMs-T hydrogels.

different and the corresponding internal network structure was
loose, which made the network store less energy and the
movement of polymer chains consume less energy. As a result,
the hydrogel had a lower G’ and G”. However, for P(AAm/HMA)-
MMs-R hydrogel, the tight compact entanglement between the
resulting polymer molecular chains and the homogeneous
distribution of crosslinking centres made the network store
more energy and the movement of polymer chains consume
more energy, which resulted in a higher G’ and G".*

Conclusions

MMs-reinforced hydrogels were successfully prepared by two
different initiation systems, including thermal initiator KPS
and redox initiators KPS and TMEDA. The hydrogels with redox
initiators not only possessed high elasticity and strength, but
also exhibited quick self-recoverable and lower swelling prop-
erty. The maximum tensile strength of hydrogels obtained by
redox initiators was approximately 1.55 MPa, superior to that of
hydrogels obtained by thermal initiation system of 0.6 MPa. The
hydrogels could quickly restore to 90% and reached 96% of its
original dimension after 10 min. These excellent properties
were attributed to the excellent internal structure of the
hydrogels. For the redox initiation system, the lower activation
energy during the initiating process could instantly produce
a large number of free radicals to initiate polymerization of
monomers under the mild conditions. All molecular chains
would evenly distribute and efficiently interact with MMs as
crosslinking centres. As a result, the hydrogels exhibited an
excellent mechanical behaviour. However, for the thermally
initiated MMs-reinforced hydrogels, the higher activation
energy during the initiating process required high temperature
to form free radicals, resulting in an increased probability of
random chain termination. The molecular chains would bear
adversely influencing the
mechanical property of hydrogels. Therefore, the mechanical

a non-uniform distribution,

This journal is © The Royal Society of Chemistry 2017
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property of hydrogels was improved effectively using the redox
initiation system, which would provide a procedure strategy in
designing new generation tough hydrogels. It was anticipated
that the hydrogels obtained under the mild conditions would
played a significant role in biomedical applications.
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