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a  b  s  t  r  a  c  t

Biodegradable  thermosensitive  hydrogels  have  attracted  great  interest  because  of their  potential  in
biomedical  applications.  Herein,  we  present  a novel,  thermoresponsive  poly(2-(2-methoxyethoxy)ethyl
methacrylate)  hydrogels  with  starch-based  nanospheres  as  cross-linkers  (NMH).  NMHs  exhibit  a  narrow
lower critical  phase  transition  temperature  (LCST)  range  and  high  mechanical  strength  compared  with
conventional,  small  molecular  cross-linked  hydrogels  (CMH).  Fourier  transform  infrared  (FT-IR)  spec-
eywords:
ydrogel
hermosensitive
tarch-based nanosphere
CST gap

troscopy  confirms  that the  NMHs  are  degradable  in  aqueous  medium.  The  phase  transition  temperature
of  the  NMHs  is  ∼4 ◦C compared  with  ∼25 ◦C for CMH.  The  NMHs  can  sustain  strength  of  12.2  MPa,  10
times  more  than  that  of  CMH.  Moreover,  the  deswelling  rate of NMHs  is  faster  than  CMH.  The  different
concentrations  of nanospheres  can  efficiently  regulate  the  various  properties  of NMHs.  The  NMHs  have
excellent  properties  because  of  its  even  network  structure  formed  by  nanosphere  cross-linkers.
echanical strength

. Introduction

Intelligent hydrogels are interesting because they can swell
r deswell in response to various external stimuli, such as tem-
erature (Gates, Park, & Xia, 2000; Hu & Huang, 2003), salts
Xu et al., 2010), pH (Lee & Braun, 2003), and electric field
Kwon, Bae, & Kim, 1991; Matsubara, Watanabe, & Takeoka, 2007;
harma et al., 2004). These environmentally sensitive proper-
ies endow intelligent hydrogels a very wide application prospect
n tissue engineering, pharmaceutical systems, medical treat-

ent, artificial organs, physiology, and environmental protection
Chang, van Spreeuwel, Zhang, & Varghese, 2010; Liu, Liu, Chen,

 Liu, 2008). Polyoligo(ethyleneglycol) methylether methacry-
ate (POEGMA) is a thermoresponsive polymer that consists of a
ydrophobic hydrocarbon main chain with numerous hydrophilic
ligo(ethylene glycol) side chains. Unlike the typical temperature-
esponsive polymer poly(N-isopropylacrylamide) (PNIPAM), which
as a lower critical phase transition temperature (LCST) of 32 ◦C,
OEGMA shows excellent in vitro or in vivo biocompatibility (Gao
t al., 2009; Lutz, Akdemir, & Hoth, 2006; Lutz, Weichenhan,
kdemir, & Hoth, 2007). Additionally, the LCST of POEGMA can be
uned by using the length of the oligo(ethyleneglycol) side chains
rom 23 to 90 ◦C without introducing co-monomers of different
hemical properties (Lutz & Hoth, 2006).

∗ Corresponding author. Tel. +86 431 85262629; fax: +86 431 85262629.
E-mail addresses: tanying@ciac.ac.cn (Y. Tan), pxwang@ciac.ac.cn (P. Wang).
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Hydrogel as a stimulus response material should have fast
response to the external stimulus, especially in applications that
demand an on-off behavior, for instance drug delivery (Luo,
Kirker, & Prestwich, 2000) and enzyme immobilization (Hoshino,
Taniguchi, Katagiri, & Fujii, 1992). However, POEGMA hydrogels
synthesized conventionally (organic small molecular cross-linker)
showed a continuous variation of transmittance in a wide range of
temperature, apart from having poor mechanical properties. These
defects could be considered as obstacles for the use of POEGMA
hydrogels as core materials. Recently, many efforts have been made
for increasing the response rate of thermosensitive hydrogels. In
order to overcome the diffusion limit in aqueous medium, porous
hydrogels have been prepared by heterogeneous polymerization
at temperatures above the LCST (Gotoh et al., 1998; Iizawa et al.,
2007; Iizawa et al., 2012; Zhang & Zhuo, 2001), in the presence of
surfactants (Antonietti, Caruso, Göltner, & Weissenberger, 1999), or
by incorporating silica particles (Serizawa, Wakita, & Akashi, 2002)
followed by extraction. Another approach to increase the response
rate is creating a hydrogel with homogeneous, nanoscale-cross-
linked network, for instance from clay. Such a material exhibits
a fast stimulus response because of the isotropic nature of the
network, where clay nanosheets are evenly dispersed (Haraguchi,
Farnworth, Ohbayashi, & Takehisa, 2003; Haraguchi & Takehisa,
2002). Furthermore, introducing nanoscale components into the

hydrogel increases the mechanical strength because the filler
nanoparticles interact with the polymer chain matrix, causing stiff
confinement of the chains and retardation of their orientational
dynamics (Sharma et al., 2004).
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We  have recently shown that starch-based nanosphere cross-
inkers can efficiently improve the mechanical strength of
olyacrylamide (Tan et al., 2009) and PNIPAM hydrogels (Tan
t al., 2010). Herein, we extend this approach to novel poly(2-(2-
ethoxyethoxy)ethyl methacrylate) (NMH) hydrogels that exhibit

 fast response rate in a narrow LCST range and an increased
echanical strength as well as a fast response rate. Importantly,

he biodegradable cross-linking nanoparticles facilitate its biomed-
cal applications. In addition, the effects of the cross-linking density
n the swelling and deswelling properties of hydrogels have been
nvestigated in detail.

. Experiment

.1. Materials

The corn starch was purchased from Changchun Dacheng
orn Development Co., Ltd. (China). The amylose and amy-

opectin content is 27% and 73%, respectively (Juliano et al.,
981). Acetated allylic starch (AAS) was synthesized according
o a previous method (Tan et al., 2009). The macromolecu-
ar weight (Mw) of AAS is 1.8 × 105 g mol−1 according to GPC
haracterization (Narumi et al., 2006). The degree of substi-
ution (DS) of the acetate and allylic groups is 2.1 and 0.19,
espectively. 2-(2-Methoxyethoxy)ethyl methacrylate (MEO2MA)
nd diethyleneglycol dimethacrylate (DEGMA) were purchased
rom Sigma. 2,2-Dimethoxy-2-phenylacetophenone was  pur-
hased from TCI. All the other chemicals were analytical reagent
rade and used without further treatment.

.2. Preparation of AAS nanospheres

AAS (0.5 g) was dissolved in acetone (50 mL), distilled water
50 mL)  was then added dropwise to the AAS solution with str-
ing at 100 rpm. The resulting nanosphere suspension was  stirred
t room temperature until the acetone completely vaporized from
he solution.

.3. Preparation of PMEO2MA  hydrogels

AAS nanosphere aqueous solution (5 wt%; 1.4 mL)  and 2,2-
imethoxy-2-phenylacetophenone ethanol solution (10 wt%;
.7 mL)  were added into a test tube charged with MEO2MA  (3.5 g),
thanol (1.9 mL), and distilled water (2.5 mL) under sonication.
he mixture was deaerated (N2 stream) for 10 min, and photopoly-
erized under UV light (365 nm;  Philips, PL-L, 36 W)  for 15 h at

mbient temperature.

.4. Preparation of conventional PMEO2MA  hydrogel

2,2-Dimethoxy-2-phenylacetophenone ethanol solution
10 wt%; 0.7 mL)  was added to a test tube charged with MEO2MA
3.5 g), DEGMA (8.3 mg), ethanol (1.9 mL), and distilled water
1.4 mL). The mixture was deaerated (N2 stream) for 10 min, and
hotopolymerized under UV light (365 nm;  Philips, PL-L, 36 W)  for
5 h at ambient temperature.

.5. NMR  characterization
AAS was dissolved in DMSO-d6 at 25 ◦C and NMH3 hydro-
el were swelled in CDCl3. The 1H NMR  spectra (400 MHz) were
ecorded on a Bruker AV400 spectrometer (Ettlingen, Germany) at
he same temperature.
ers 105 (2014) 270–275 271

2.6. Scanning electron microscopy (SEM)

The microapperance of the AAS nanospheres and hydrogels
were characterized on XL 30 ESEM (Philips). The as-synthesized
sample was added dropwise onto a silicon plate, which was  sputter-
coated with a thin layer of gold prior to the SEM analyses, and dried
in air. The synthesized hydrogel (CMH and NMH3) was  freeze-dried
and covered with gold before measurement.

2.7. Double bond content in AAS

The double-bond content in the AAS nanospheres was  calcu-
lated as follows:

MAAS = 162 + (Mallyl − 1) × DSallyl + (Macetyl − 1) × DSacetyl (1)

nallyl = mAAS

MAAS × DSallyl
(2)

where 162 corresponds to the molecular mass of a glucose unit;
MAAS, Mallyl, and Macetyl represent the molecular weights of AAS,
allyl, and acetyl, respectively; DSallyl and DSacetyl represent the
degree of substitution of allyl and acetyl, respectively; nallyl repre-
sents the moles of allyl, which equals that of the double bonds; and
mAAS represented the mass of dry AAS in the hydrogels. Because the
allyl groups are mainly located at the periphery of the nanospheres
(Tan et al., 2009), we  deem that the content of double bonds in
AAS is approximately equal to that of in AAS nanospheres (Tasaki,
1996).

2.8. Infrared spectroscopy

The FT-IR spectra of NMH5 hydrogel fragments incubated in
phosphate buffered solution (PBS; pH 7.4) at selected degrada-
tion time points at 20 ◦C were recorded on Thermo Nicolet Avetar
370 (Pike Technologies, Madison, WI)  attenuated total reflection
fourier transform-infrared spectroscope (ATR-FTIR) in the range
4000–500 cm−1.

2.9. Equilibrium swelling ratio of hydrogels

Dried hydrogel disks were allowed to swell in distilled water at
18 ◦C and weighed after gently drying the surface with filter paper.
The disks were weighed daily to constant weight, which indicates
that swelling equilibrium has been reached. The ratio of the weight
in equilibrium swelling state to the dry weight (swelling ratio) was
calculated.

2.10. Mechanical strength measurements

The mechanical properties of cylindrical hydrogel samples
(diameter of 14 mm,  thickness of ∼14 mm)  were measured on
an INSTRON-1121 testing machine at room temperature. The
crosshead speed was  2 mm min−1. The strength (ı) was calculated
as follows:

ı = Load
3.14r2

(3)

where r is the initial unload radius. The strain to failure under com-
pression is calculated as the thickness of the compressed hydrogel
relative to the initial thickness.

2.11. Deswelling properties
Disk-shaped samples (diameter of 8 mm,  thickness of 5 mm)
were preequilibrated at 5 ◦C to constant weight, and then abruptly
submerged in water heated to 30 ◦C. The disks were removed at
predetermined times and the weight recorded until an equilibrium
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have the same amount of double bonds, the equilibrium swelling
ratio of CMH  is 7.2 (w/w), smaller than that of NMH5 which is 11.8
(w/w).
Fig. 1. Potential macromolecular structure of AAS (A) and the SEM

as reached. Qn/Q0 was plotted as a function of time, where Qn

enotes the swelling ratio of a polymer at each record time and Q0
enotes the equilibrium swelling ratio at 5 ◦C.

.12. Lower critical phase transition temperature

The transmittance of hydrogel specimens (dimensions
0 mm × 10 mm × 1 mm)  at 550 nm in deionized water was
onitored on a UV–vis spectrophotometer as a function of tem-

erature at a heating rate of 2 ◦C min−1. The temperature at 50%
ransmittance was taken as the LCST.

. Results and discussion

.1. Preparation of AAS nanospheres

AAS (Fig. 1A) was synthesized according to a published method
Tan et al., 2009). The degree of substitution (DS) of the acetate
nd allylic groups determined by 1H NMR  is 2.1 and 0.19, respec-
ively. The 1H NMR  spectra of the sample were illustrated in
ig. 2A. The nanospheres were fabricated by nanoprecipitation at
he acetone/water interface. After the complete removal of acetone,
pherical AAS nanoparticles with diameter ∼300 nm were obtained
Fig. 1B). The AAS nanoparticles were used as the nanoscale cross-
inker to form MEO2MA  hydrogels via UV-initiated free-radical
olymerization.

.2. Hydrogel synthesis

The AAS nanosphere cross-linkers were used for the synthesis
f PMEO2MA hydrogels by UV-initiated free-radical polymeriza-
ion. Two factors are crucial during the polymerized process. First,
thanol is added to maintain complete dissolution of the MEO2MA
onomer. Second, the addition of a nanoparticle aqueous solu-

ion should be conducted under sonication to ensure that the
anospheres are well dispersed. The hydrogels swell but do not
issolve in water, demonstrating that nanospheres successfully
ross-linked MEO2MA  monomers during the reaction. Moreover,
ccording to the 1H NMR  characterization in Fig. 2B, the signal

n 5.8–5.9 ppm is disappeared in the NMH3, which is the carbon-
arbon double bond of AAS. It is suggested that the allyl groups of
AS nanospheres participated the polymerized process.

The swelling characteristics are one of the most critical fac-
ors for hydrogels. The equilibrium swelling ratios of CMH  and
MHs with defferent AAS nanospheres content is shown in Table 1.

ll hydrogels readily swell in water and reach equilibrium in 2 d.
he equilibrium swelling ratios slightly increased from 10.5 (w/w)
o 12.9 (w/w) when the nanosphere concentration was  increased
rom 0.2 to 2.0 wt%, presumably because starch-based nanospheres
 of starch-based nanospheres formed by nano-coprecipitation (B).

with some of hydrophilic groups can absorb a certain amount
of water, so that the swelling ratios increase with the increas-
ing of nanospheres content in NMHs. Notably, when the contents
of nanoparticle increased continuously from 2.0 wt% to 4.0 wt%,
the equilibrium swelling ratios decreased from 12.9 to 7.4. This
is because the gradually increasing cross-linking density squeezes
the cyberspace containing water despite the effect of water absorb
ability of AAS has already existed. Even though CMH and NMH5
Fig. 2. 1H NMR  spectrum of AAS (A) and NMH3 hydrogel (B).
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Table  1
Effects of nanosphere concentration on properties of poly(MEO2MA)  hydrogelsa. Effects of nanosphere concentration on properties of CMH  and NMHs.

Hydrogel AAS nanospheres in monomer (wt%) LCST (◦C) Phase transition gap (◦C) Strength (MPa) Strain to failure Equilibrium
swelling ratio

CMHb 0 20.5 25 1.2 ± 0.33 90.5 ± 1.3% 7.2 ± 0.6
NMH1  0.2 22.2 15 5.6 ± 0.86 99.2 ± 0.9% 10.6 ± 0.8
NMH2  0.5 22.5 13 7.3 ± 0.52 98.3 ± 0.7% 10.8 ± 0.5
NMH3  1.0 22.7 7 9.3 ± 0.75 98.6 ± 0.6% 11.4 ± 0.4
NMH4  2.0 23.0 6 10.6 ± 0.42 97.4 ± 0.8% 12.9 ± 0.6
NMH5  3.0 23.2 5 12.2 ± 0.82 95.2 ± 1.0% 11.8 ± 1.1
NMH6  4.0 23.4 4 15.6 ± 0.56 94.0 ± 1.1% 7.4 ± 0.9
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a The monomer concentration is 35 wt%, the volume ratio of ethanol/water is 40/
b Conventional corss-linking agent DEGMA was used, with concentration 1.8 mm

.3. Phase transition properties

Polymers containing short oligo(ethyleneglycol) side chains
xhibit thermoresponsive properties in water because of the bal-
nce between the hydrophilic and hydrophobic moieties in the
olymer. The ether oxygen atoms form stabilizing H-bonds with
ater molecules (Israelachvili, 1997; Tasaki, 1996), whereas the
onpolar hydrocarbon backbone exert a competitive hydrophobic
ffect (Lutz , Andrieu , Üzgün , Rudolph , Agarwal, 2007; Maeda,
ubota, Yamauchi, Nakaji, & Kitano, 2007). The increasing temper-
ture weakens the hydrogen bonds, at the same time, strengthens
he interaction between the hydrophobic backbones. For the rea-
ons given above, the polymers shrink, and turn opaque. The loss
f transmittance can be used to monitor the phase transition pro-
ess; the temperature of 50% transmittance was  taken as the LCST.
able 1 and Fig. 3 show the LCSTs of CMH  and NMHs in aqueous
edium when the temperature was varied from 5 to 32 ◦C. The

ransmittance of CMH  decreases gradually, without abrupt transi-
ions, throughout the entire testing temperature range. The LCST
f CMH  is 20.5 ◦C. For NMHs, the corresponding LCSTs move to
igher temperatures (from 22.2 to 23.4 ◦C) with increase in the
anosphere concentration. This elevation of LCST is most likely
ue to the presence of a large amount of hydroxy groups in the
tarch-derived nanoparticles, they can form hydrogen bonds with
he surrounding water. Moreover, the range of temperatures with
ransmittance gradients (LCST gap) is narrow for the nanosphere-
ross-linked NMHs. The LCST gaps change from 15 to 4 ◦C when
he nanosphere content increases from 0.2 to 4.0 wt%, that is, more
anoparticles result in sharper phase transitions. Conventional

rganic small molecule cross-linkers lead to significantly large
hermal fluctuations in the gels (such as CMH) because of the het-
rogeneous aggregation of cross-linking points (Bastide & Leibler,

ig. 3. Plots of transmittance at 550 nm as a function of temperature (heating rate
f  2 ◦C min− 1) for CMH  and NMHs in water.
.
l MEO2MA.

1988; Shibayama, 1998). Hence, when the temperature increase,
some regions in the CMH  shrink first, blocking the path of light
through the corresponding parts of the sample, even though the
temperature is far below the LCST. This explains the shallow trans-
mittance gradient for this hydrogel. In contrast, AAS nanoparticles
are well distributed in the hydrogel and construct more homoge-
neous networks. Thus, the transmittance gap becomes narrower in
the presence of nanospheres cross-linker because of the contrac-
tion (shrinkage) of NMHs becoming more synchronous with the
temperature increase.

3.4. Mechanical properties

The mechanical strength of hydrogels is very important for
practical applications that require facing external forces. The com-
pression stress–strain curves of the hydrogels with DEGMA  (CMH)
and nanosphere (NMHs) cross-linkers are compared in Fig. 4A. Sig-
nificantly, the NMH5 hydrogel sustains strength of 12.2 MPa, 10
times more than that of CMH  (1.2 MPa). The strain to failure of CMH
is 90.5%, the value of NMHs is higher from 99.2% to 94.0%. The strain
to failure in general is failing as the AAS nanospheres added from
0.2 wt%  to 4.0 wt%.

Generally, the mechanical properties of hydrogel is determined
by its microstructure. As shown in Fig. 5, the conventional hydro-
gel cross-linked by DEGMA (CMH) exhibited a flat fracture surface
(Fig. 5A), while some small spheres (surrounded by red circle)
appeared on the fracture surface of NMH3 which cross-linked by
AAS nanospheres (Fig. 5B). More important, the size of the small
spheres in NMH3 is similar to its original magnitude. This fact con-
firmed that AAS nanoparticles also maintain its nanoscale after the
hydrogel formed. Therefore, the improvement in the mechanical
properties of NMHs is presumably because of the even distribution
of the cross-linking points in the hydrogel network. Because the
flexible polymer chain length between the nanospheres is propor-
tional to the interparticle distance, stress can be evenly distributed
in the entire network, this makes crack initiation difficult. The effect
of nanosphere concentration on the mechanical strength of NMHs is
shown in Fig. 4B. Even small concentrations of nanoparticles incor-
porated in the hydrogel clearly improve its mechanical strength.
Furthermore, the strain to failure decline as AAS nanospheres added
because the cross-linking points become denser and the poly-
mer  chains between them become shorter. The fracture damage
may  occur when in a relatively smaller deformation. Although the
strain to failure increase very little compare with that of CMH, the
compressive strength significantly increases with increase in the
nanosphere concentration, providing a convenient way to regulate
the mechanical strength of NMHs.
3.5. Deswelling properties

Deswelling after a temperature jump from 5 ◦C (below the LCST,
the hydrogels at equilibrated swollen state) to 30 ◦C (above the
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Fig. 4. Strain-stress curves for CMH  and NMH5 (A) and the Effect of nanosphere concentration in NMHs on mechanical strength (B).
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Fig. 5. SEM characterizations for fracture surface o

CST) in ultrapure water is presented in Fig. 6. Deswelling of
MHs is slightly faster than that of CMH, and all hydrogels reach
eswelling equilibrium in 3 h. The characteristic time (T) for a
ydrogel to shrink is given by Tanaka et al. (Tanaka, Sato, Hirokawa,
irotsu, & Peetermans, 1985) and Ogawa et al. (Ogawa, Ogawa, &
okufuta, 2004) as follows:

(−t/T)∼ Qt − Q c
e

Q s
e − Q c

e
(4)

here Qt represents the swelling ratio at time t; and Q s
e and Q c

e rep-
esent the equilibrium swelling ratios in the swollen and collapsed
tates, respectively.
The deswelling profiles of the CMH  and NMHs show two  stages:
apid shrinking on the minute time scale, followed by much slower
ater desorption. In the first stage (�1), CMH, NMH3, and NMH5
ydrogels exhibit similar response characteristic times (4.5, 3.8,

ig. 6. Time course of deswelling of hydrogels undergoing shrinking in response to
n  abrupt temperature change from 5 to 30 ◦C.
e-dried CMH hydrogel (A) and NMH3 hydrogel (B).

and 3.9 min, respectively). This transition can be attributed to a
quick diffusion of water molecules into the surface of hydrogels. In
the second stage (�2), the response characteristic time of NMH5
hydrogel is 12.8 min, while that of CMH  is 68.3 min. This faster
response of NMHs results from the reduction of the osmotic pres-
sure inside and outside of the skin layer by the homogeneous
cross-linking networked structure of the hydrogel. It is notewor-
thy that �2 of NMH3 is 24.3 min, indicating that the nanosphere
concentration can efficiently regulate the rate of diffusion of water
in the hydrogel network.

3.6. Degradation properties
The cross-linkers are biodegradable in the NMHs. We  studied
the hydrogel degradation using ATR-FTIR spectroscopy, monitor-
ing the changes in the NMH5 hydrogel during the incubation in

Fig. 7. Time course of degradation of NMH5 in 0.1 M PBS at pH 7.4.



 Polym

p
f
t
∼
o
c
∼
p

4

c
e
p
T
h
r
t
p
i
h
T
v
m
t
h
e
c
h
h
g
i
i

A

t
a

R

A

B

C

G

G

G

H

H

H

C. Liu et al. / Carbohydrate

hosphate buffered solution (PBS, pH 7.4) at 20 ◦C (below the LCST)
or 0, 6, 11, 18, 24, and 30 d (Fig. 7). There was a clear increase in
he intensity of the carboxylate C O stretching band with time at
1710 cm−1. This increase most likely results from the degradation
f the ester groups of MEO2MA.  In addition, the intensity of the
haracteristic peaks for methyl and methylene groups (∼2830 to
3000 cm−1 and ∼1100 to ∼1200 cm−1) also increased with time,
resumably because of the degradation of AAS glucose units.

. Conclusions

In this work, starch-based nanospheres are successfully used as
ross-linkers for the fabrication of polyMEO2MA  hydrogels. NMHs
xhibit a narrow LCST range and high mechanical strength com-
ared with conventional small molecule-cross-linked hydrogels.
he swelling behavior of NMHs also differs from that of CMH. The
ydrophilicity of starch-based nanospheres increases the equilib-
ium swelling rate. Moreover, the cross-linker nanospheres endow
he hydrogel with a regular network structure, with the flexible
olymer chain between the nanospheres being proportional to the

nterparticle distance. Therefore, NMHs show a sharper LCST gap,
igher mechanical strength, and faster response rate than CMH.
herefore, the nanosphere concentrations efficiently regulate the
arious properties of NMHs. NMHs are also degradable in aqueous
edium, as shown by FT-IR. Owning to its narrow LCST transi-

ion, high mechanical strength and degradable properties, the NMH
ydrogels are very relevant for many application in material sci-
nce such as intelligent thermal sensitive on-off, drug delivery,
ell culture, etc. As nontoxicity and anti-immunogenicity, the NMH
ydrogels can be used in biotechnology especially in the field of
umanbody. In addition, the influence of degradation on the hydro-
el mechanical strength and responsive properties, and in vitro and
n vivo biosafety and bioavailability of the NMHs are still being
nvestigated.
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