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Abstract. The inclusion of super paramagnetic iron oxide (Fe3O4) nanoparticles in stimuli-responsive hydrogel is expected
to enhance the application potential for cellular therapy in cell labeling, separation and purification, protein immobilization,
contrasting enhancement in magnetic resonance imaging (MRI), localized therapeutic hyperthermia, biosensors etc. in biomedical field. In this investigation two different magnetic and stimuli-responsive composite hydrogel particles with variable
surface property were prepared by simply blending Fe3O4/SiO2 nanocomposite particles with stimuli-responsive hydrogel
particles. Of the hydrogel particles prepared by free-radical precipitation polymerization poly(styrene-N-isopropylacrylamide-methyl methacrylate-polyethylene glycol methacrylate) or P(S-NIPAM-MMA-PEGMA) was temperature-sensitive
and poly(S-NIPAM-methacrylic acid-PEGMA) or P(S-NIPAM-MAA-PEGMA) was both temperature- and pH-responsive.
The morphological structure, size distributions and volume phase transitions of magnetic and stimuli-responsive composite
hydrogel particles were analyzed. Temperature-responsive absorptions of biomolecules were observed on both magnetic
and stimuli-responsive Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) and Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA) composite
hydrogel particles and separation of particles from the dispersion media could be achieved by applying magnetic field without
time consuming centrifugation or decantation method.
Keywords: smart polymers, stimuli-responsive hydrogel, magnetic nanocomposite, blending, magnetic composite hydrogel

1. Introduction

application potential in pharmaceutical formulation.
Poly(N-isopropylacrylamide) (PNIPAM) based temperature-responsive hydrogels have been extensively
studied because their physicochemical properties can
easily be tailored by insertion of other comonomers
into the polymer chain, they exhibit low cytotoxicity
and can be drained out from the organism [30, 31].
With the increase in temperature PNIPAM chains soluble in aqueous medium dehydrate at the temperature
above the lower critical solution temperature (LCST)
of ~32 °C as attractive segmental interactions among
the hydrophobic isopropyl groups dominate. This in-

Stimuli-responsive hydrogels known as smart materials are macromolecules that undergo reversible volume phase transition in response to a small change
of external stimuli such as temperature [1–9], pH [9–
13], light [14–16], electric current [17–19], ionic
strength [20–22] or chemical species [23]. Researchers are showing much attention in these materials for their wide range of biomedical and pharmaceutical applications [24–29]. However, temperature-sensitive hydrogels are the most studied class
of stimuli-responsive polymers as they have strong
*
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duces a conformation change from a coil to globular
state and turns the transparent PNIPAM solution into
turbid emulsion.
The design of magnetic and stimuli-responsive composite hydrogel particles would be interesting because of wide application probability in magnetic
bioseparation, drug delivery, magnetic resonance imaging contrast enhancement [32–39]. In magnetic and
stimuli-responsive composite hydrogel particles, the
first allows a suitable and energy efficient separation
capability of biomolecule/drug loaded composite particles from the complex culture medium and the latter allows easy uptake and elution of absorbed biomolecule/drug. It is also plausible to assume that
poor mechanical strength and flame-retardant property of hydrogel particles will be improved due to the
inclusion of an inorganic component. These improved
properties may offer additional advantage in industrial applications as well as in catalysis. In the literature several approaches are available for the preparation of magnetic composite polymer microspheres.
Some works are available on the synthesis of magnetic hybrid composite particles based on the precipitation of magnetic (Fe3O4) nanoparticles in bulk solution where polymer particles have been previously
dispersed [7, 37, 40]. However for temperature-sensitive hydrogels, this process may affect the thermal
response because high specific surface area of nanoparticles would favor interaction between nanoparticles and hydrogel matrix. Some authors cover the
surface of the magnetic nanoparticles with SiO2 prior
to the polymerization because surface of Fe3O4 nanoparticles inhibit polymerization [35, 41, 42]. Despite
of this limitation, reports are available on direct precipitation polymerization of NIPAM and monomers
in aqueous media using anionic initiator in the presence of stabilized iron oxide nanoparticles [43, 44].
Rahman and Elaissari [45] reported the preparation of
divinylbenzene (DVB) cross-linked magnetic seed
particles by emulsion polymerization of DVB while
using potassium persulfate as initiator in the presence of native Fe3O4 emulsion followed by precipitation polymerization of NIPAM to induce temperature sensitive PNIPAM shell. Few are also available
on the direct dispersion polymerization in ethanol/
water media [46, 47]. In these methods the size of
obtained microspheres often showed broad distribution. Other authors functionalized the surface of

Fe3O4 or Fe3O4/SiO2 nanoparticles with reactive vinyl
group using silane coupling agent prior to the precipitation polymerization with NIPAM and/comonomers
[35, 48–51]. Additionally grafting-to [52–54] and
grafting-from [38, 54–56] approaches for the preparation of metal/metal oxide-polymer core-shell nanoparticles on iron oxide core, different polymerization
methods such as atom transfer radical polymerization (ATRP) [54, 56, 57], nitroxide mediated polymerization (NMP) [56] and reversible addition-fragmentation transfer radical polymerization (RAFT) [53,
58] have been reported. All these processes require
a tedious time consuming multistep procedure which
often limit their applications. In a recently published
article Illés et al. [59] discussed the preparation biocompatible carboxyl functional magnetic fluids consisting of core–shell PEG-acrylate-acrylic acid
(PEGA-AA) comb-like copolymer by simple adsorption technique. Prior to this (PEGA-AA) was synthesized by quasiliving ATRP using a complex of Cu(I)chloride and hexamethyl-triethylene-tetramine as
catalyst.
In the present research a simple economically feasible route is evaluated to prepare two different magnetic and stimuli-responsive nanocomposite hydrogel
particles. In one series temperature-sensitive poly
(styrene-NIPAM-methyl methacrylate-polyethylene
glycol methacrylate) or P(S-NIPAM-MMA-PEGMA)
hydrogel particles and in another series temperatureand pH-responsive poly(S-NIPAM-methacrylic acidPEGMA) or P(S-NIPAM-MAA-PEGMA) hydrogel
particles were prepared by free-radical precipitation
copolymerization using cationic 2,2'-azobis(2amidinopropane)dihydrochloride (V-50) initiator. The
weight ratio of styrene/MMA/PEGMA and styrene/
MAA/PEGMA in the recipe was optimized in order
to produce stable emulsion and could not be maintained at the same ratio. Styrene was used as a hydrophobic comonomer avoiding the use of crosslinker.
MMA/MAA was added to improve the solubility of
styrene in the aqueous dispersion media for facilitating smooth copolymerization with NIPAM as the latter in absence of MMA/MAA may produce larger proportion of water soluble homopolymer due to its
comparatively high reaction rate. The hydrophobichydrophobic interactions among hydrophobic PSPMMA or PS segments in the prepared conetworks
are expected to form microgels in water, a phenom-
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2. Experimental section
2.1. Materials and instruments

enon generally observed for amphiphilic copolymer
networks consisting of hydrophilic and hydrophobic
polymer segments [60–64]. Then in one pot synthesis Fe3O4 nanoparticles were encapsulated with SiO2
to obtain Fe3O4/SiO2 nanocomposite particles and subsequently blended with hydrogel particles to obtain
Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) and Fe3O4/
SiO2/P(S-NIPAM-MAA-PEGMA) composite hydrogel particles. The preparation scheme of these magnetic and stimuli-responsive composite hydrogel particles is shown in Figure 1. Under the preparation
conditions Fe3O4/SiO2 nanocomposite particles are
negatively charged due to the presence of silanol
groups. Since the blending was carried out in presence of NH4OH solution with pH >10, the P(SNIPAM-MAA-PEGMA) hydrogel particles carried
both positive and negative charges derived from initiator fragments and deprotonated carboxyl groups
respectively. So the electrostatic attraction among
Fe3O4/SiO2 nanocomposite particles and P(S-NIPAMMAA-PEGMA) hydrogel particles may be not that
good for successful blending. Compared to this in
the preparation of Fe3O4/SiO2/P(S-NIPAM-MMAPEGMA) composite hydrogel particles electrostatic
attraction is expected to dominate among negatively
charged Fe3O4/SiO2 nanocomposite particles and positively charged P(S-NIPAM-MMA-PEGMA) hydrogel particles. The morphology, size and size distribution, surface structure, swelling phenomena of two
different composite hydrogel particles were characterized. The absorption behavior of biomolecules were
also studied and compared.

NIPAM of monomer grade obtained from Across Organics, USA, was recrystallized from a mixture of
90% hexane and 10% acetone, dried under vacuum
at a low temperature before preserving in the refrigerator. Styrene, MMA and MAA of monomer grade
obtained from Fluka Chemica, Switzerland, were
purified by passing through activated basic alumina.
PEGMA (molecular weight 500 g·mol–1 for PEG)
was obtained from Sigma Aldrich, USA. V-50 from
LOBA Chem. India, was recrystallized from distilled
water and ethanol. The biomolecules, trypsin (TR)
from E. Merck, Darmstadt, Germany, and albumin
(AL) from Fluka Chemika, Switzerland, were used
without any purification. Ferrous sulphate heptahydrate (FeSO4·7H2O), ferric chloride (FeCl3), citric
acid, NH4OH and other chemicals were of analytical
grade. Ethanol and deionized water was distilled using
a glass (Pyrex) distillation apparatus.
Transmission electron microscope (TEM) (Zeiss
EM-912, Omega), Fourier Transform Infrared (FTIR)
spectrophotometer (Perkin Elmer, FTIR-100, USA),
Centrifuge machine (TG16-WS) from Kokuson Corporation, Tokyo, Japan, NICOMP 380 particle sizer
(USA), X-ray photoelectron spectroscopy (XPS)
(PHI X-tool, ULVAC-PHI, Japan) and X-ray diffractometer (XRD) (Bruker D8 Advance, Germany) were
used for characterization of prepared particles. Microprocessor pH meter from HANNA instruments
and Sherwood Scientific Magnetic Susceptibility
Balance were also used.

Figure 1. Preparation scheme of magnetic and stimuli-responsive composite hydrogel particles by blending

2.2. Preparation of hydrogel particles
Temperature- and pH-responsive P(S-NIPAM-MAAPEGMA) hydrogel particles were prepared by freeradical precipitation copolymerization from 0.6 g
styrene, 1.95 g NIPAM, 0.3 g MAA and 0.15 g
PEGMA. The copolymerization reaction was carried
out in a three necked round bottomed flask dipped
in thermostat water bath maintained at 75 °C using
cationic V-50 (0.045 g) initiator. Distilled water
(200 g) was used as the dispersion medium. Polymerization was carried out under a nitrogen atmosphere
and the reaction mixture was mechanically stirred at
110 rpm for 24 h.
Compared to this a slightly different recipe was used
to prepare stable emulsion of temperature-responsive
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P(S-NIPAM-MMA-PEGMA) hydrogel. This was
prepared by free-radical precipitation copolymerization of styrene (0.75 g), NIPAM (2.04 g), MMA
(0.15 g) and PEGMA (0.06 g) in a three necked round
flask dipped in thermostat water bath at 70 °C. The
copolymerization reaction was started using cationic
V-50 (0.06 g) initiator in 100 g distilled water as the
dispersion medium. The reaction mixture was mechanically stirred at 110 rpm for 24 h under a nitrogen atmosphere.
In both cases the conversion was nearly 100% measured gravimetrically. The hydrogel emulsion was repeatedly washed with distilled water by centrifugation prior to the characterization.

2.3. Preparation of Fe3O4 nanoparticles
Nano-sized Fe3O4 particles were prepared by co-precipitation of Fe2+ (2.855 g) and Fe3+ (3.127 g) from
their aqueous solutions (molar ratio 1:2) containing
25% 54.05 g NH4OH. The reaction was carried out in
a three necked round flask under a nitrogen atmosphere for 2 h. The prepared Fe3O4 emulsion was treated with 10 g HNO3 (2M) for 15 min. and washed
with water until the solution was neutral. Citric acid
(40 g) was added slowly and stirred overnight to stabilize the Fe3O4 dispersion. The produced Fe3O4 particles were repeatedly washed by magnetic separation and subsequent redispersion in deionized distilled
water to remove salt and excess stabilizer.
2.4. Preparation of reference Fe3O4/SiO2
nanocomposite particles
At first 50 g ethanol, 1.0 g deionized water and 2.38 g
NH4OH were taken in a three necked flask under
vigorous stirring, then 1.56 g TEOS was charged into
the above mixture and the flask was heated to 40 °C
gradually in a hot water bath with constant stirring
at 300 rpm. 20 min later water-based 0.44 g magnetic (Fe3O4) fluid containing 0.025 g solid was added
into the above mixture and the process was continued for 30 min. Fe3O4 nanoparticles were encapsulated within the SiO2 layer, forming Fe3O4/SiO2 nanocomposite particles. The produced particles were
washed repeatedly through magnetic separation and
redispersion in fresh distilled water before characterization.
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2.5. Preparation of composite hydrogel
particles
Fe3O4/SiO2 nanocomposite emulsion was prepared
as discussed in the previous section. Calculated
amount of hydrogel emulsion (nanocomposite/hydrogel: 1/10 w/w) was added and the mixture was
stirred continuously at 40 °C for 12 h. The composite
hydrogel particles were washed repeatedly by distilled water employing centrifugation followed by
magnetic separation to remove any nonmagnetic hydrogel particles.
2.6. Characterization
The sample for TEM was prepared by diluting the
respective emulsion down to about 0.01% solid by
distilled water and a drop was placed on a carboncoated copper grid. The sample was dried at ambient
temperature before observation by an electron microscope at an accelerating voltage of 100 kV.
FTIR analysis of the powder samples was performed
in KBr pellets and scanned over the range 4000–
400 cm–1 in the deflection mode. Prior to the analysis the washed emulsion was dried under vacuum at
low temperature.
The surface composition after modification was evaluated by an XPS equipped with a monochromatic Al
Kα radiation (1486.6 eV) at 104 W and 20 kV and
an X-ray current of 20 μA. The pressure in the measurement chamber was ca. 8.0·10–7 Pa. The step size
was 0.25 eV for the both survey and high resolution
spectra (pass energy 280 eV). The washed dispersion
was dried onto carbon tape prior to the analyses.
The XRD patterns of the powder samples were taken
with a scanning XRD using Cu Kα radiation (λ ≈
1.5406 Å), a tube voltage of 33 kV and a tube current
of 45 mA. The intensities were measured at 2θ values from 2 to 90° at a continuous scan rate of
10°·min–1 with a position-sensitive detector aperture
at 3° (equivalent to 0.5°·min–1 with a scintillation
counter).
Thermogravimetric properties (TGA) of the dry powdered samples were measured by heating samples
under flowing nitrogen atmosphere from 30 to 600 °C
at a heating rate of 30 °C/min and the mass loss was
recorded. The initial mass of each sample was around
20 mg.
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3. Results and discussion

For the measurement of average hydrodynamic diameters the washed composite/hydrogel dispersion
was diluted down to around 0.01% solid content
using water. The pH value of the diluted emulsion was
adjusted whenever necessary. At each temperature
the intensity weighted average hydrodynamic diameter of the particles was recorded. Each measurement was carried out in twice and the average value
is reported. The reproducibility of the size measurement was within ±5%.
Sherwood Magnetic Susceptibility Balance was used
for susceptibility measurement of Fe3O4, Fe3O4/SiO2
nanocomposite, Fe3O4/SiO2/P(S-NIPAM-MAAPEGMA) and Fe3O4/SiO2/P(S-NIPAM-MMAPEGMA) composite hydrogel particles. The particles were separated from their respective dispersion
by using a magnet and dried in oven at 70 °C for several hours. The dried powders were placed in a preweighed sample tube and measured the magnetic
susceptibility (χg) using Equation (1):
|g =

C $ L $ R R - R0 W
m $ 109

Figure 2 represents the TEM images of Fe3O4,
Fe3O4/SiO2 nanocomposite, P(S-NIPAM-MAAPEGMA) hydrogel and Fe3O4/SiO2/P(S-NIPAMMAA-PEGMA) composite hydrogel particles. The
average diameters and coefficients of variation (CV)
calculated from TEM images are 8.8 nm and 14.48%
for Fe3O4 nanoparticles, 28.9 nm and 10.19% for
Fe3O4/SiO2 nanocomposite particles, 590.8 nm and
36% for P(S-NIPAM-MAA-PEGMA) hydrogel particles and 49.44 nm and 12.99% for Fe3O4/SiO2/P(SNIPAM-MAA-PEGMA) composite hydrogel particles. The average size of the Fe3O4/SiO2 nanocomposite particles increases after encapsulation with
SiO2 layer. It is worth to mention that Fe3O4/SiO2
nanocomposite particles undergo drying mediated
self assembly into linear chain structure rarely observed in case of magnetic nanoparticles as shown
in inset image [65]. P(S-NIPAM-MAA-PEGMA) hydrogel particles exhibit different morphology with central darker parts possibly represents the hydrophobic
PS rich segment. The hydrophobic-hydrophobic interactions among PS segments in amphiphilic P(SNIPAM-MAA-PEGMA) conetwork led to the reorientation of polymer chains forming core-shell type microgels in water [60–64]. Compared to P(S-NIPAMMAA-PEGMA) hydrogel particles the size of Fe3O4/
SiO2/P(S-NIPAM-MAA-PEGMA) composite hydrogel particles decreases after blending with Fe3O4/
SiO2 nanocomposite particles. The blending was carried out under highly alkaline condition (~pH >10).
Okubo and coworkers [66, 67] proposed the formation
mechanism of microparticles from P(S-MAA) copolymer particles dispersed in alkaline solution by simple
dissolution method. In case of P(S-NIPAM-MAAPEGMA) hydrogel particles the ionization of carboxyl groups of PMAA under alkaline condition and
subsequent swelling and dissolution of copolymer
chains from polymer hydrogel particle may take place.
It is also possible that hydrophilic soft P(S-NIPAMMAA-PEGMA) hydrogel particles collapsed while
the sample was dried during sample preparation for
TEM and might not represent the true size of the hydrogel particles as shown in Figure 2c. The presence
of negative charges on both Fe3O4/SiO2 nanocomposite and P(S-NIPAM-MAA-PEGMA) hydrogel

(1)

where C, is calibration constant of balance, L is length
of the sample in [cm], R0 and R are the readings of
the empty and sample tubes and m is the weight of
sample in [g].

2.7. Absorption of biomolecules
A mixture of 20 mL was prepared from each purified
emulsion containing 0.1 g solid and biomolecule
(200 mg/g) aqueous solution. The pH value of the
emulsion-biomolecule mixture was adjusted at the
respective isoelectric point (TR, pH 10.0; AL, pH 6.0)
using buffer solution and the mixture was allowed
to stand for 45 min. Then the particles were separated magnetically and finally by centrifugation to remove any wafting particles. This same procedure
was carried out at two different temperatures of 20
and 40 °C. The concentration of the biomolecule in
the supernatant was measured by a UV-visible spectrophotometer at the wave length of 280 nm. The
amount of biomolecule absorbed was calculated by
subtracting the concentration of free biomolecule
from initial concentration. A calibration curve was
used for this purpose.
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Figure 2. TEM images of a) Fe3O4, b) Fe3O4/SiO2 nanocomposite, c) P(S-NIPAM-MAA-PEGMA) hydrogel and d) Fe3O4/
SiO2/P(S-NIPAM-MAA-PEGMA) composite hydrogel particles

spherical. The average diameter and coefficient of
variation of Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA)
composite hydrogel particles are 43.43 nm and
10.19% and the average size is greater than that of
Fe3O4/SiO2 nanocomposite particles. The darker central spot may correspond to Fe3O4/SiO2 nanocomposite particles as shown in the magnified particle
image. These above results suggest that during blending the electrostatic interaction among nanosized
Fe3O4/SiO2 particles and comparatively softer and
larger hydrogel particles initiated the formation of
magnetic composite hydrogel particles. The size distribution, nature of charge and charge distribution, particle rigidity, degree of swelling and difference in hydrophilicity all played a role in the formation of nearly core-shell morphology with Fe3O4/ SiO2 core.
FTIR spectral analysis is one way to detect surface
structural composition of inorganic and/polymer colloidal particles (Figure 4). In the spectrum of Fe3O4

particles is also expected to reduce the degree of agglomeration though the later also contain additional
positive charges from initiator fragments. These above
factors may contribute to the reduction in composite
particle size. It is apparent that the morphology of
Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA) composite
hydrogel particles is different from both P(S-NIPAMMAA-PEGMA) hydrogel particles and Fe3O4/SiO2
nanocomposite particles and the average size is larger than those of Fe3O4/SiO2 nanocomposite. The tiny
nanoparticles inside Fe3O4/SiO2/P(S-NIPAM-MAAPEGMA) composite hydrogel particles may correspond to Fe3O4. TEM image of P(S-NIPAM-MMAPEGMA) hydrogel particles shown in Figure 3 suggest that hydrogel particles deformed and possibly
collapsed as PMMA is weak to electron beam [68,
69]. Compared to these P(S-NIPAM-MMA-PEGMA)
hydrogel particles, Fe3O4/SiO2/P(S-NIPAM-MMAPEGMA) composite hydrogel particles are rather
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Figure 3. TEM photographs of a) P(S-NIPAM-MMA-PEGMA) hydrogel and b) Fe3O4/SiO2/P(S- NIPAM-MMA-PEGMA)
composite hydrogel particles

the spectrum of Fe3O4/SiO2 nanocomposite particles
corresponding to Si–O–Fe and Si–O-Si bonds suggest the bonding of SiO2 to Fe3O4. In P(S-NIPAMMAA-PEGMA) hydrogel particles the characteristic
signals due to stretching vibrations of carboxyl and
amide C=O groups and amide N–H bending appear
at 1738, 1670 and 1566 cm–1 respectively. Compared
to P(S-NIPAM-MAA-PEGMA) hydrogel particles a
small but distinct N–H bending signal of amide group
appears in Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA)
composite hydrogel particles. The broad absorption
signal at 1671–1528 cm–1 due to H–O–H bending in
Fe3O4/SiO2 nanocomposite particles deviates to
1703–1490 cm–1 in Fe3O4/SiO2/P(S-NIPAM-MAAPEGMA) composite hydrogel particles. This deviation suggests the inclusion of stretching vibrations
of carboxyl and amide C=O groups and amide N–H
bending from copolymer network with the H–O–H
bending from Fe3O4/SiO2 nanocomposite particles.
In other word we can say that bands corresponding
to carboxyl and amide C=O groups are overlapped
with the H–O–H band. Weak C–H stretching vibrations of the aliphatic and aromatic ring appear in the
region 3085–2798 cm–1. The almost same explanation is also valid for Fe3O4/SiO2/P(S-NIPAM-MMAPEGMA) composite hydrogel particles.
The XPS C1s, N1s and Fe2p core-line spectra of
Fe3O4, Fe3O4/SiO2 nanocomposite, Fe3O4/SiO2/P(SNIPAM-MAA-PEGMA) and Fe3O4/SiO2/P(SNIPAM-MMA-PEGMA) composite hydrogel particles are shown in Figure 5. The C1s signal intensity
in Fe3O4/SiO2 nanocomposite particles is 5.4 atom%

Figure 4. FTIR spectra of a) Fe3O4, b) Fe3O4/SiO2 nanocomposite, c) P(S-NIPAM-MAA-PEGMA) hydrogel, d) Fe3O4/ SiO2/P(S-NIPAM-MAA-PEGMA)
and e) Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA)
composite hydrogel particles recorded in KBr pellets

nanoparticles (Figure 4 curve a) the intense broad
band at 3435.93 cm–1 represents the presence of
water traces and non-dissociated –OH groups of citric acid. At 1630.95 cm–1, an intense band is visible
which corresponds to the symmetric stretching
of –OH from –COOH group, revealing the binding
of a citric acid radical to the magnetic surface. Also
the neighbor band at 1385 cm–1 can be assigned to the
asymmetric stretching of CO from –COOH group.
The characteristic stretching vibrations due to Fe–O
bonds appear at 406 and 583 cm–1 weakened in Fe3O4/
SiO2 nanocomposite particles. The weak absorption
signal at 800 cm–1 and intense band at 1105 cm–1 in
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Figure 5. XPS C1s, N1s and Fe2p core-line spectra of curves a) Fe3O4, b) Fe3O4/SiO2 nanocomposite, c) Fe3O4/SiO2/P(SNIPAM-MAA-PEGMA) and d) Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles

which increases to 29.7 and 14.8 atom% in Fe3O4/
SiO2/P(S-NIPAM-MAA-PEGMA) and Fe3O4/SiO2/
P(S-NIPAM-MMA-PEGMA) composite hydrogel
particles. The signal appearance also widened in composite hydrogel particles. The difference in C1s signal intensity between Fe3O4/SiO2/P(S-NIPAM-MAAPEGMA) and Fe3O4/SiO2/P(S-NIPAM-MMAPEGMA) composite hydrogel particles is attributed
to the difference in styrene, MMA and PEGMA contents in the recipe. As expected N1s signal is not visible in Fe3O4/SiO2 nanocomposite particles whereas
in Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA) and
Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles such signal intensity approaches 0.8 and 2.2 atom%. The Fe2p core-line spectrum
shown in Figure 5 for Fe3O4 nanoparticles exhibits two
signals at 711.5 and 725.4 eV, the characteristic doublets of Fe2p3/2 and 2p1/2 core-level spectra of magnetite [70]. The encapsulation by SiO2 followed by
polymer layers eliminates the Fe2p signal. The almost
three fold increase in N1s signal intensity derived
from PNIPAM segment suggest that specifically the
blending of Fe3O4/SiO2 nanocomposite and P(SNIPAM-MMA-PEGMA) hydrogel particles produces

better agglomeration leading to Fe3O4/SiO2/P(SNIPAM-MMA-PEGMA) composite hydrogel particles. The ionization of carboxyl group in P(S-NIPAMMAA-PEGMA) hydrogel particles and negative surface charge on Fe3O4/SiO2 nanocomposite particles
may inhibit the process of agglomeration necessary
for composite formation.
The two theta sharp peaks appear at 30.08, 35.45,
43.5, 53.54, 57.11 and 62.78 in the XRD spectrum of
Fe3O4 nanoparticles confirm the crystalline cubic
spinal structure of Fe3O4 nanoparticles as shown in
Figure 6. These diffraction peaks are in good agreement with those XRD patterns of Fe3O4 nanoparticles
reported in the JCPDS-International Center (JCPDS
file No. 19-0629) [71, 72]. The broad reflection centers at ~20° appear in Fe3O4/SiO2 nanocomposite particles, Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA) and
Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles. These broad signals are attributed to the transition of crystalline Fe3O4 structure
into amorphous character following encapsulation by
amorphous SiO2 and then polymer layers. The presence of weak characteristic signals of Fe3O4 in nanocomposite and composite hydrogel particles also con-
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onset decomposition temperature for P(S-NIPAMMMA-PEGMA) hydrogel particles. The incorporation of SiO2 layer in Fe3O4 reduces the weight loss by
3.5% indicating the increase in inorganic content. In
Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA) composite
hydrogel particles the weight loss increases by 3.1%
relative to Fe3O4/SiO2 nanocomposite particles. Whereas in Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles the weight loss increases by
6.7% compared to reference Fe3O4/SiO2 nanocomposite particles. Overall these results suggest that magnetic composite hydrogel particles are formed in both
cases and the use of MMA instead of MAA as a
comonomer increases the incorporation of organic
polymer. As predicted the ionization of carboxyl group
in PMAA under the preparation conditions reduces
the extent of agglomeration. The electrostatic repulsion among negatively charged hydrogel particles
and negatively charged Fe3O4/SiO2 nanocomposite
particles may have occurred during blending. It has
earlier been mentioned that the negative surface
charge on Fe3O4/SiO2 nanocomposite particles is derived from the presence of silanol groups. However,
based on the recipe the amount of organic part in
Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles is still low. Under the preparation condition it is reasonable to assume that some
hydrogel particles remained free as also observed
during washing by magnetic decantation method.
The temperature dependent average hydrodynamic
diameters of P(S-NIPAM-MAA-PEGMA) and P(SNIPAM-MMA-PEGMA) hydrogel particles illustrated in Figure 8 show that both hydrogel particles
are hydrophilic and swell with water at temperature
below the LCST. As the temperature increases the
hydrogel particles shrink and deswell at temperature
above the LCST. It is apparent that LCST is dependent on the hydrogel composition. The incorporation
of hydrophilic PMAA shifts the LCST to relatively
higher temperature (37 °C) in P(S-NIPAM-MAAPEGMA) hydrogel particles and the same behavior
is also reported elsewhere [73]. The P(S-NIPAMMAA-PEGMA) hydrogel particles also show volume phase transition with respect to variation in pH
value. At higher pH value the increase in hydrodynamic diameter results from the deprotonation of
carboxyl group and hence the coulombic repulsion
among polymer chains [74].

Figure 6. XRD spectra of a) Fe3O4, b) Fe3O4/SiO2 nanocomposite, c) Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA)
and d) Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA)
composite hydrogel particles

firms that the crystalline structure of Fe3O4 is retained during different steps of modification.
The surface modification of Fe3O4 as well as the presence of inorganic (Fe3O4/SiO2) part in thermo-responsive composite hydrogel particles can quantified
from the percentage of weight loss using TGA curves.
It is evident from Figure 7 that both hydrogel particles loss ~98% of their initial weight. The onset decomposition temperature of P(S-NIPAM-MMAPEGMA) hydrogel particles is slightly high (~329°C)
compared to P(S-NIPAM-MAA-PEGMA) hydrogel
particles (~281 °C). Relatively high hydrophobicity
and particle rigidity possibly contributed to this higher

Figure 7. TGA thermograms of a) P(S-NIPAM-MAAPEGMA) hydrogel, b) P(S-NIPAM-MMA-PEGMA)
hydrogel, c) Fe3O4, d) Fe3O4/SiO2 nanocomposite,
e) Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA) and
f) Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles
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Figure 10. Digital photographic images of colloidal dispersions of a, b) Fe3O4 nanoparticles, c, d) Fe3O4/
SiO2/P(S-NIPAM-MAA-PEGMA) and e, f) Fe3O4/
SiO2/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles in absence (a, c, e) and presence
(b, d, f) of external magnetic field

Figure 8. Temperature dependent variations of average hydrodynamic diameters of P(S-NIPAM-MAAPEGMA) (square) and P(S-NIPAM-MMA-PEGMA)
(circle) hydrogel particles at pH 7. pH-dependent
variation of average hydrodynamic diameters of
P(S-NIPAM-MAA-PEGMA) hydrogel particles at
20 °C is shown in the inset

The average hydrodynamic diameters of both composite hydrogel particles shown in Figure 9 also decrease with increasing temperature showing LCST
behavior. The LCST of Fe3O4/SiO2/P(S-NIPAMMAA-PEGMA) composite hydrogel particles is relatively high compared to Fe3O4/SiO2/P(S-NIPAMMMA-PEGMA) composite hydrogel particles. Comparatively low hydrodynamic diameter of Fe3O4/
SiO2/P(S-NIPAM-MAA-PEGMA) composite hydrogel microspheres indicate the poor incorporation of
polymer hydrogel as predicted in XPS and TGA
analyses.

Figure 9. Temperature dependent variations of average hydrodynamic diameters of Fe3O4/SiO2/P(S-NIPAMMAA-PEGMA) (square) and Fe3O4/SiO2/P(SNIPAM-MMA-PEGMA) (circle) composite hydrogel particles measured at pH 7
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The magnetic susceptibilities of Fe3O4/SiO2/P(SNIPAM-MAA-PEGMA) and Fe3O4/SiO2/P(SNIPAM-MMA-PEGMA) composite hydrogel particles remain high and positive (2.90·10–3 and 1.03·10–3)
indicating strong paramagnetic character. The magnetic property is a vital property in separation as well
as in targeted drug delivery system because one can
drive magnetic particles by applying external magnetic field. Magnetic particles need to be accumulated in presence of magnet and should be well dispersed once the magnet is removed. Figure 10 shows
the images of magnetic separation of different magnetic particles. It is observed that the magnetic composite hydrogel particles are well dispersed in absence of magnetic field and accumulated towards the
magnet leaving behind almost clear supernatant.
Figures 11 and 12 show the absorption behavior of
TR and AL on reference Fe3O4/SiO2 nanocomposite
and Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA) and
Fe3O4/SiO2/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles at temperature above and
below the LCST. The absorption behavior of biomolecule is a rather complex phenomena depending on
the environment as well as nature of sorbent and biomolecules in terms of flexibility, molecular size, hydrophobicity etc. However, irrespective of nature of
biomolecules it is evident that magnitude of absorption on composite polymer particles at temperature
above the LCST (40 °C) is higher than that at below
the LCST (20 °C). Relative to this on Fe3O4/SiO2
nanocomposite particles the magnitude of absorption
is pretty low. This higher absorption capacity on magnetic and temperature-responsive composite hydrogel particles correspond to comparatively high hydrophobic character. The slight difference in magnitude
of absorption between 20 and 40 °C on Fe3O4/SiO2
nanocomposite particles is possibly due to the tem-
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cles with respective hydrogel particles. It was evident that electrostatic attraction among negatively
charged Fe3O4/SiO2 nanocomposite particles and
positively charged P(S-NIPAM-MMA-PEGMA) hydrogel particles favors the formation of magnetic
composite hydrogel particles. Compared to this electrostatic repulsion was dominant when P(S-NIPAMMAA-PEGMA) hydrogel particles were used and
produces limited agglomeration. The morphological
and chemical structures of magnetic composite particles were evaluated and showed that Fe3O4/SiO2
nanocomposite particles are mostly localized at the
centre of composite particles with thin copolymer
shell layer. The magnetic composite particles exhibited temperature-responsive absorption behavior of
biomolecules and can be accumulated towards the
external magnetic field.

Figure 11. Bar diagram represents the amount of absorptions
of trypsin (TR) on a) Fe3O4/SiO2 nanocomposite,
b) Fe3O4/SiO2/P(S-NIPAM-MAA-PEGMA) and
c) Fe 3 O 4 /SiO 2 /P(S-NIPAM-MMA-PEGMA)
composite hydrogel particles at temperature above
(40 °C) and below (20 °C) the LCST. Absorption:
immobilization 200 mg/g of particles, pH 10.0,
immobilization time 45 min
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