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Abstract pH- and temperature-responsive semi-interpenetrating magnetic nano-
composite hydrogels (NC hydrogels) were prepared by using linear sodium alginate
(SA), poly(N-isopropylacrylamide) (PNIPAM) and Fe;O,4 nanoparticles with inor-
ganic clay as an effective multifunctional cross-linker. The effects of cross-linker
and SA contents on various physical properties were investigated. The NC hydro-
gels exhibited a volume phase transition temperature (VPTT) around 32 °C with no
significant deviation from the conventional chemically cross-linked PNIPAM
hydrogels (OR hydrogels). The swelling ratios of NC hydrogels were much larger
than those of OR hydrogels. Moreover, the swelling ratios of NC hydrogels grad-
ually decreased with increasing the contents of clay and increased with increasing
the contents of SA. The pH sensitivity of NC hydrogels was evident below their
VPTT. The NC hydrogels had a much better mechanical property than the OR
hydrogels. The results showed that the incorporation of clay did not affect the
saturation magnetization of the hydrogels.

Keywords Hydrogel - Sodium alginate - Poly(N-isopropylacrylamide) - Clay -
Fe;0,4 - pH- and temperature-responsive

Introduction

In recent years, stimuli-sensitive hydrogels, a three-dimensional cross-linked
polymer network able to change its volume and properties in response to
environmental stimuli such as temperature [1], pH [2], solvent composition [3],
salt concentration [4], light [5], and magnetic field [6], have attracted great interest.
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Among all the stimuli-sensitive hydrogels, pH- and temperature-responsive
hydrogels are most widely investigated because these two factors inside the human
body are important [7, 8]. One of the most widely studied temperature-responsive
hydrogels is poly(N-isopropylacrylamide) (PNIPAM) that has a volume phase
transition temperature (VPTT, ~32 °C) in aqueous solution [9, 10]. PNIPAM
chains are hydrated to swell at temperatures below the VPTT and become
dehydrated to shrink at temperatures above the VPTT. Based on their dramatic
swelling and deswelling behaviors, these hydrogels have been used in many fields
such as controlled drug delivery [11, 12], chemical separation [13, 14], enzyme
immobilization [15], and artificial organ [16].

Sodium alginate (SA) is a particularly attractive material to form hydrogels for
biomedical applications [17, 18]. For pH-sensitive hydrogels, SA can be used to
form the mainchain because of the carboxyl groups in the SA mainchain. It is a
naturally derived linear polysaccharide comprised of f-p-mannuronic acid
(M-block) and o-L-guluronic acid (G-block) units arranged in blocks rich in G units
or M units, separated by blocks of alternating G and M units. The advantages of using
SA for preparing hydrogels also result from the following properties: (1) it has a
relatively inert aqueous environment within the matrix, (2) it has a high gel porosity
that allows for high diffusion rates of macromolecules, and (3) its dissolution and
biodegradation under normal physiological conditions enables it to be used as a
matrix for the entrapment and delivery of proteins, drugs and cells [8, 19].

The interpenetrating polymer network (IPN) technology is an effective approach
to prepare pH- and temperature-responsive hydrogels [20-22]. IPN is convention-
ally defined as intimate combination of two polymers, at least one of which is
synthesized or cross-linked in the immediate presence of the other [23]. In recent
years, semi-IPN gels have attracted particular interest. Lee et al. [24] generated a
series of rapidly responsive semi-IPN hydrogels by introducing PNIPAM chains
into the alginate networks and chitosan chains. Zhang et al. [25] synthesized a
macroporous semi-IPN hydrogels composed of cross-linked PNIPAM and linear
SA. However, in these semi-IPN hydrogels, PNIPAM were always cross-linked by
an organic cross-linker.

Usually, the PNIPAM hydrogels are prepared by free-radical copolymerization
of the monomer (NIPAM) and a chemical organic cross-linker such as
N,N'-methylenebisacrylamide (BIS) [26, 27]. However, the applications of the
conventional chemically cross-linked hydrogels (OR hydrogels) are always
restricted due to their poor mechanical properties and low response rate [28].
More recently, it was reported that a novel polymer—clay nanocomposite hydrogel
(NC hydrogels) was prepared without using any organic cross-linker [29-36]. The
incorporation of this clay markedly improves not only the mechanical and swelling-
deswelling properties but also the spatial homogeneity of the NC hydrogels. The NC
hydrogels were formed by in situ free-radical polymerization, in which the PNIPAM
chains were anchored to the surface of clay sheets acting as effective multifunc-
tional cross-linkers through ionic or polar interactions. At the initial stage of
polymerization, the initator (APS), which has a divalent anion, was closely
associated with the clay surface through ionic interactions and then the propagation
reaction was proceeded, thus the polymer chains attach to the clay platelets forming
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a network structure. It was also revealed that the unique network could only be
formed by free-radical polymerization in the presence of inorganic clay and was not
realized by other procedures such as mixing clay and PNIPAM solutions.

From applications’ point of view, hydrogels will attract more considerable
attention if they could respond to several stimuli simultaneously. The incorporating
of metal nanoparticles into the hydrogels has been proved to be an effective
approach to enhance the functions of the hydrogels [37]. Magnetite (Fe;0,4) is one
of the important transition metal oxides based on its unique properties including
magnetic properties, chemical stability, biocompatibility, and low toxicity. Hydro-
gels synthesized by embedding Fe;O, nanoparticles inside a polymer network are
attractive due to their proven biocompatibility, quick response, and sensitivity to a
remotely applied external magnetic field [38]. Therefore, the combination of Fe;O,
and hydrogel is expected to constitute a new functional composite with properties of
both hydrogel and Fe;O,4 nanoparticles. To date, there have been no reports on the
semi-IPN hydrogels composed of linear SA, PNIPAM, clay and Fe;0,
nanoparticles.

In this article, we successfully prepared a novel kind of multifunctional semi-IPN
hydrogels based on linear SA, PNIPAM and Fe;O, using inorganic clay as an
effective multifunctional cross-linker instead of using the conventional organic
cross-linker. We found that because of their unique organic (polymer) and inorganic
(clay) network, the NC hydrogels exhibited extraordinary mechanical and swelling/
deswelling properties. Compared with the characteristics of OR hydrogels, we
presented the characteristics of the NC hydrogels in more detail, focusing on the
effects of clay and SA contents.

Materials and methods
Materials

N-isopropylacrylamide (NIPAM), SA, iron(IIl) acetylacetonate, oleic acid, and
oleylamine were purchased from Aldrich. N,N,N',N'-tetramethylethylenediamine
(TEMED), ammonium persulfate (APS) and N,N'-methylenebisacrylamide (BIS)
were supplied by Sigma. As an inorganic clay, synthetic hectorite “Laponite XLG”
([IMgs 34110 66S18020(OH)4]Nag g6, layer size = 20-30 nm @ x 1 nm, cation
exchange capacity = 104 mequiv/100 g) was purchased from Rockwood. Absolute
ethanol and hexane were used as received.

Preparation of magnetic nanoparticles

Magnetite (Fe3;O4) nanoparticles covered with oleylamine were prepared by
applying a similar method as that in the previous report [39]. Fe(acac); (4 mmol),
1,2-hexadecanediol (20 mmol), oleic acid (12 mmol), and phenyl ether (40 mL)
were mixed and magnetically stirred under a flow of nitrogen. The mixture solution
was heated to 200 °C for 30 min and then, under a blanket of nitrogen, heated to
reflux under the same temperature for another 30 min. The dark-brown mixture
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solution was cooled to room temperature. Under ambient conditions, ethanol was
added to the mixture. The black compound was precipitated and separated with
centrifugation. Then the black product was dispersed in hexane.

Preparation of NC hydrogels

The NC hydrogels consist of monomer NIPAM, SA, Fe;0,, deionized water and
various ratios of clay. In all cases, the initial solution contained 10 times as much
water as monomer by weight; the water/polymer ratio in the resulting hydrogels was
fixed at 10/1 (w/w). At first, an aqueous solution consisting of water, inorganic clay,
SA, NIPAM, and Fe;O, was stirred in ice-water bath for 2 h. Then the catalyst of
TEMED (20 pL) was added with stirring. Finally, an aqueous of the initiator APS
(0.02 g) was added to the solution. The free-radical polymerization was carried out
in a water bath at 20 °C for 24 h. The NC hydrogels are expressed as NCm. The
composition for NC hydrogels is shown in Table 1.

The OR hydrogel was also prepared for comparison. In the preparation, 2 wt%
BIS based on the monomer NIPAM was used and the contents of other components
were the same as those in the NC hydrogels. For the simple identification of the
hydrogels, the OR hydrogel is expressed as OR.

Measurement of mechanical properties
Compressive measurements were performed on hydrogels with the same size
(10 mm x 10 mm x 10 mm) and the same water/polymer ratio [10/1(w/w)] using a

Dejie DXLL-20000. The compression properties of the hydrogels were obtained under
the following conditions: test temperature 25 °C, compression speed 0.5 mm/s.

Measurement of swelling ratios

The swelling ratios of hydrogel samples were measured in the temperature range
from 20 to 50 °C or in a pH range from 1.2 to 9.0 using a gravimetric method.

Table 1 Preparation condition and swelling properties of NC hydrogels

Sample NIPAM (g) SA (g) Clay (g) BIS (g) Fe;04 (g) SWeq
NC1 1.000 0.050 0.200 0 0.100 66.34
NC2 1.000 0.050 0.400 0 0.100 58.10
NC3 1.000 0.050 0.600 0 0.100 38.57
NC4 1.000 0.050 0.800 0 0.100 30.58
NC5 1.000 0.050 1.000 0 0.100 25.55
NC6 1.000 0.100 0.400 0 0.100 62.50
NC7 1.000 0.200 0.400 0 0.100 70.02
NCO 1.000 0 0.400 0 0.100 40.91
OR 1.000 0.050 0 0.020 0.100 22.62
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Under each particular condition, hydrogel samples were incubated in the medium
for at least 48 h and removed, wiped with moistened filter paper to remove water
from the sample surfaces, and weighed. The swelling ratio was calculated with the
following equation:

Swelling ratio = (W — Wy) /Wy,

where W is the weight of the swollen hydrogel, and Wy is the weight of the dry
hydrogel.

Deswelling behavior of hydrogels

The deswelling behavior of the hydrogel was studied by recording the weight of
water in the hydrogels. Water retention was calculated as

Water retention = (W, — Wy)/(Ws — Wq),

where W, is the weight of the hydrogel at a given time interval during the course of
deswelling after the swollen hydrogel at 25 °C had been quickly transferred into hot
water at 45 °C.

Magnetic measurements

Magnetization curves for the NC2 and OR hydrogels were measured by using a
vibrating sample magnetometer (MPMS (SQUID) VSM, Quantum Design) with a
maximum magnetic field of 7 T, sensibility of 10 emu. To determine the
coercivity, samples were firstly cooled in a zero-applied magnetic field, from room
temperature down to the measuring temperature. Dry NC2 and OR hydrogels were
fixed on quartz holders, which were placed in the magnetometer. Magnetization
results of the hydrogels were determined by applying an increasing magnetic field at
273 K.

Characterizations

Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a NEXUS
670 spectrometer. X-ray diffraction (XRD) patterns were obtained with Cu Ku
X-rays performed on a D/max-yB X-ray diffractometer (40 kV, 30 mA) in a step of
0.02°/s from 2° to 70°. The morphology of the fractured specimens was observed on
a SUPERSCAN SSX-550 scanning electron microscopy (SEM) at 20 kV after
sputter coating with gold under vacuum. The size and morphology of the magnetic
nanoparticles were observed by a Hitachi H600 TEM. The VPTT measurements of
the wet samples were carried out on a TAQ100 differential scanning calorimeter
(DSC) under a nitrogen atmosphere, at a heating rate of 3 °C/min from 20 to 50 °C.
Thermogravimetric (TG) analyses were conducted with Netzsch TG 209F1, heating
samples from ambient temperature to 700 °C at the heating rate of 20 °C/min in an
nitrogen atmosphere.
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Results and discussion

Scheme 1 describes the formation process of the NC hydrogels via situ free-radical
polymerization in the presence of SA, NIPAM, and Fe;O, with clay as a cross-
linker. It is considered that the initator APS could strongly interact with clay
platelets through ionic interactions and their molecules were closely associated on
the clay surface in aqueous suspension. At the initial stage of polymerization,
radical existed near the clay surface, and then the propagation reaction was proceed,
thus the PNIPAM chains attached to the clay platelets forming a network structure.
In order to confirm whether SA was also cross-linked by clay or existed in a form of
linear chains, a mixture of the aqueous solution of clay and SA with the same
composition was prepared and remained in water bath at 20 °C for 24 h. It was seen
that a turbid gel-like material was formed. However, when further immersed in an
excess of water, it turned to be a turbid solution. Therefore, it could be inferred that
SA was not cross-linked by clay and still as linear chains incorporated in the
hydrogels just like that in the conventional OR hydrogel.
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Scheme 1 The formation process of NC hydrogels
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FTIR study

The FTIR spectra of the SA, NIPAM, clay, Fe;0,4 and the dried NC2 are shown in
Fig. 1. A band at 1,015 cm™" attributed to a Si—O stretching vibration can be found
in the spectrum of the clay. From the spectrum of NIPAM, there is a carbonyl
stretching vibration (amide I) at 1,660 cm~ !, N-H bending vibration (amide II) at
1,547 cm™" and two typical peaks of C—H vibrations of -CH(CHj3),. The spectrum
of SA shows the characteristic absorption peak of SA units at ~ 1,662 cm™" due to
carboxylate anion of SA groups. In the spectrum of oleic acid modified Fe;O,
nanoparticles, the Fe-O bonds appeared at 584 cm™'. As a result, it can be
concluded that all the components used to form the semi-IPN hydrogel are present.

X-ray diffraction

The XRD patterns of clay, Fe;O4, OR, and NC hydrogels were shown in Fig. 2.
Figure 2a can reveal the level of dispersion of clay platelets in the hydrogels. It is
clearly seen that almost no distinct diffraction peak at around for 26 in the range
2°-10° was observed for NC1 and NC5 hydrogels, while the clay showed a
diffraction peak at 20 = 5.94°, corresponding to a basel spacing of 1.49 nm
between clay sheets. This indicates that clay was sufficiently exfoliated in the dried
hydrogels. Therefore, it was considered that exfoliated clay was uniformly dispersed
in the NC hydrogels, which was largely expanded with water. Also, from the XRD
patterns of Fe;O4 and NC samples, six characteristic peaks for Fe;04 (20 = 30°,
36°, 43°, 54°, 58°, and 63°) were observed in both the samples. These peaks are
consistent with the findings of other groups [40], indicating the presence of Fe3O,,
thus verifying the existence of magnetite within the composite hydrogels.
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Fig. 1 FTIR spectra of SA, NIPAM, Clay, Fe;0, and NC2 hydrogel
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Fig. 2 XRD patterns of Clay, Fe;04, OR and NC hydrogels

VPTT of the hydrogels

The DSC thermograms of OR and NC hydrogels are shown in Fig. 3. The
temperature at the onset point of the DSC endotherm is referred to the VPTT of
the hydrogels [41]. At the VPTT, the water in the hydrogels will be separated from
the network, leading to a smaller heat capacity. As shown in Fig. 3, the OR hydrogel
and NC hydrogels exhibited a similar VPTT around 32 °C, and there is no
significant deviation from the VPTT of the OR hydrogel. The results indicate that in
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Fig. 3 DSC thermograms of OR and NC hydrogels

the semi-IPN system, the PNIPAM network retains its own property because there is
no chemical bond between SA and PNIPAM network. On the other hand, it can also
be concluded that the VPTT of the hydrogel network is independent of the type and
content of the cross-linker used in this study. This is agreed with the findings of
other groups [30, 42, 43]. Also, the incorporation of the Fe;O4 nanoparticles has no
effects on the VPTT of the hydrogels.

Morphological studies

When samples are freeze dried, movement of polymer chains is highly restricted
since the entire sample is in the solid state (both polymer chains and water
molecules). Thus, as water molecules are removed by sublimation, the polymer
chains cannot move and remain in the same conformation [44].

The morphological characteristics of NC hydrogels after exposure to solutions
and subsequent freeze drying have been examined by SEM. Figure 4 show the SEM
micrographs of the internal structure of NC hydrogels, from which we can see that
the semi-IPN hydrogels show a porous network structure in character. These results
showed that a highly expanded network can be generated by electrostatic repulsions
among SA carboxylate anions (-COO-) during the polymerization process.
Therefore, the response rate could greatly be enhanced by the incorporation SA
into the hydrogels network during the deswelling process. Also, with increasing clay
content, the cross-link densities of the hydrogels increased, resulting in the decrease
in the pore size. When the temperature is above the hydrogel’s VPTT, the water
molecules are hard to diffuse out as a result of numerous small pores in the hydrogel
network. So the swelling ratio decreased with increasing the contents of clay [30].
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Fig. 4 SEM and TEM images of NC1 (a), NC5 (b), NC1 (c¢), Fe;0, (d)

Also, the TEM images of Fe;O,4, shown in Fig. 4d, revealed that the Fe;O,4 particles
display their spherical shape and have a good dispersion. Figure 4c shows that the
magnetite particles were distributed evenly over the whole area of hydrogels.

Thermogravimetric analysis

Figure 5 illustrates the thermograms of the hydrogels and Fe;O4. According to the
TGA results, the Fe;0, particles have no significant weight change, and the NC
hydrogels showed a higher thermal stability compared with the OR hydrogel. Also,
the NC hydrogels showed a higher thermal stability with increasing the contents of
the clay. It could be due to the higher physical cross-linking within the networks,
which may results from the clay content.

Mechanical properties of hydrogels

The compressive stress—strain curves (up to 100% compression) of NC hydrogels
and OR hydrogel were shown in Fig. 6. Here, it should be noted that all NC and OR
hydrogels used for mechanical tests have same size (5.5 mm ® x 70 mm length)
and the same water/polymer ratio (10/1 (w/w)). The hydrogels prepared by two
types of the cross-linkers exhibited completely different mechanical properties. As
described previously, the OR hydrogel was so weak and brittle that it could not be
applied in many fields. Here, the OR hydrogel fractured at a low strain (61%) and
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Fig. 6 Compressive stress—strain curves of OR and NC hydrogels

had a low compressive strength (0.2 MPa). On the contrary, the NC hydrogels
generally exhibited very high strain and rigidity. Also, it was observed that the
mechanical properties of NC hydrogels strongly depend on the contents of clay. The
mechanical properties of NC hydrogels increased with increasing the contents of
clay. As mentioned above, the average intercross-linked distances in the NC
hydrogels network were larger than those in the OR hydrogel. The PNIPAM chains
in the swollen state could be regarded as flexible polymer chains just like those in

the rubbery state and thus the large deformation could be realized.
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Temperature dependence of the hydrogels

The swelling ratios of NC and OR hydrogels were investigated as a function of
temperature at pH 1.2 and 7.4, respectively, as shown in Fig. 7. In general, an abrupt
decrease of the swelling ratios can be observed around VPTT for the samples, which
is ascribed to the coil-globular transition of PNIPAM. At pH 7.4 and temperature
below the VPTT, the swelling ratios of OR hydrogel are lower than those of NC
hydrogels. It was theoretically evaluated by Haraguchi [29] that the polymer chain
between the cross-linking points in hydrogels cross-linked by clay were long and
flexible, and the distribution of chain lengths was fairly narrow. Therefore, it is
reasonable to infer that the hydrogels cross-linked by clay have lower cross-link
density than those of OR hydrogels cross-linked by BIS. Among NC hydrogels, the
swelling ratios of NC hydrogels gradually decrease with increasing the contents of
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Fig. 7 Swelling ratios of OR and NC hydrogels as a function of temperature at pH 7.4 (a) and pH 1.2 (b)
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clay. As mentioned above, the inorganic clay platelets acted as multifunctional
cross-linkers with PNIPAM chains linked on them. The NC hydrogels with higher
clay contents leaded to form more densely cross-linked networks, and thus
decreased the swelling ratios of the hydrogels [30, 43]. By comparing Fig. 7a and b,
it can also be found that the swelling ratios of the hydrogels below VPTT at pH 1.2
are lower than those at pH 7.4. This phenomenon may be due to the fact that most of
—COO- groups in SA are protonated under acidic conditions, thus forming hydrogen
bond between —COOH and —CONH- groups, which lead to the polymer—polymer
interactions predominating over the polymer—water interactions.

pH dependence of the hydrogels

Sodium alginate is a kind of natural polyelectrolyte, which has many carboxylic
groups in its molecular chain, the pKa of SA is about 3.2 and 4.0 for guluronic and
mannuronic acids, respectively. To investigate the influence of pH value of the
medium on the swelling ratios for the NC hydrogels, the pH range is selected from
1.2 t0 9.0 in this study. As shown in Fig. 8, the swelling ratios of NC hydrogels with
various SA contents are lower than those of pure PNIPAM hydrogel in the pH value
range from 1.2 to 2. It is due to the formation of hydrogen bond between -COOH in
the SA and —-CONH- in the PNIPAM and, thus, leading to polymer—polymer
interactions predominating over the polymer—water interactions, which results in a
decrease of swelling ratios. Furthermore, that is, under strong acidic conditions, the
higher the SA contents in the NC hydrogels, and the lower the swelling ratios of the
NC hydrogels. In the pH range from 1.2 to 6.4, the swelling ratios of the semi-IPN
hydrogels continuously increase with increasing pH values. As the pH value of the
medium increases, the carboxylic acid groups become ionized and the electrostatic
repulsion between the molecular chains is predominated which leads to the network
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Fig. 8 Swelling ratios of NC hydrogels as a function of pH value of the medium at 25 °C
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more expanding. At pH 6.4, there is a maximum swelling ratio for the NC
hydrogels. Beyond this value, a screening effect of the counter ions, i.e., Na™,
shielding the charge of the carboxylate anions may prevents from an efficient
repulsion. As a result, a remarkable decrease in equilibrium swelling is observed. As
a contrast, for the pure PNIPAM gel, the swelling ratios keep constant when pH
changes in the range studied above.

Deswelling kinetics

As mentioned above, the deswelling rate is one of the most important factors and, in
particular, high rates are needed in many applications. A general approach to high
swelling rate is to utilize the size effect. Hydrogels with smaller size could exhibit
higher deswelling rates because of the smallest dimension of the gel. Here, all initial
samples started with the same volume (712 mm?) and the same water/polymer ratio
(10/1 (w/w)). Figure 9 shows the deswelling behaviors measured for NC hydrogels
containing different clay contents under the same experimental conditions. Contrary to
OR hydrogel, the NC hydrogels containing lowest clay content exhibited the most rapid
response. Furthermore, the deswelling rate gradually decreased as the contents of clay
increased. It should be noted that the NC hydrogels with low contents of clay have much
higher response rates than the OR hydrogel. For instance, NC1 hydrogel loses about
80% water within 80 min, whereas the OR hydrogel takes 5 h to lose only 60% water.

Magnetization

Magnetization curves of OR and NC2 hydrogels recorded with VSM are illustrated
in Fig. 10. No remanence nor coercivity were observed for each sample, indicating
that the Fe;O4 nanoparticles embedded in the supromolecular hydrogel are
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Fig. 9 Deswelling behavior of OR and NC hydrogels at 45 °C (pH 7.4)
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Fig. 10 Magnetization curves of OR and NC2 hydrogels

superparamagnetic and the single-domain magnetite nanoparticles remained in the
polymer network [44, 45]. Superparamagnetism, that is, responsiveness to an applied
magnetic field without permanent magnetization, is an especially important property
needed for magnetic bioseparation because it ensures repeated use of magnetic
adsorbents and efficient product elution. In addition, the saturation magnetization
was found to be 6.24 emu/g for OR hydrogel and 6.04 emu/g for NC2 hydrogel. The
results of saturation magnetization showed that the incorporation of clay in the NC
hydrogels did not affect the saturation magnetization of the hydrogels.

Conclusions

In this article, pH- and temperature-responsive semi-IPN magnetic hydrogels were
prepared by introducing Fe;0, into the PNIPAM and SA hydrogels network, which
was cross-linked by inorganic clay acting as a multifunctional cross-linker. The
novel NC hydrogels exhibit the same VPTT around 32 °C as that of the
conventional OR hydrogels. The swelling ratios of NC hydrogels below VPTT
are much larger than those of OR hydrogels. Moreover, the swelling ratios of NC
hydrogels gradually decreased with increasing the contents of clay and increased
with increasing the contents of SA. The pH sensitivity of NC hydrogels was evident
below their VPTT. Also, the NC hydrogels have a much better mechanical property
than that of the OR hydrogel. The results showed that the incorporation of clay did
not affect the saturation magnetization of the hydrogels.
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