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Abstract Quaternary ammonium salt, (3-acrylamido-
propyl)-trimethylammonium chloride was used to synthe-
size nanohydrogel and composite particles such as
inorganic–organic hybrid composites and hydrogel nano-
particles with magnetic properties utilizing a water-in-oil
microemulsion system. The positively charged cationic
monomer was chosen to promote silica hydrolysis and
condensation to prepare silica-hydrogel nanocomposite
particles with interesting morphologies. It was shown that
highly monodisperse, completely charged nanohydrogel
can be used to encapsulate ferrite particles. Furthermore, it
was also confirmed that cationic nanohydrogel particles
with variant morphology can be prepared by employing
suitable silica precursor. Morphology, structure, properties,
and size of nanocomposite materials were explored utilizing
transmission electron microscopy, atomic force microscopy,
and vibrating sample magnetometer.
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Introduction

To prepare novel materials, a variety of templates can be used
[1]. For example, materials with desired properties have been
obtained by utilizing the geometrically confined spaces [2]
such as surfactants [3], block copolymers [4], self-assembly
[5], multiple layers of sequentially adsorbed polyelectrolytes
[6] or layer-by-layer polyionic assemblies [7], and polymeric
micelles including reverse micelles [8–12].

Hydrogels have found numerous uses ranging from daily
life applications, mainly due to their high water absorption
capacity (e.g., cosmetics and personal care products), to the
development and implementation of new environmentally
responsive materials for biological applications [13–15].
Hydrogels are inherently soft, hydrophilic, porous, and
elastic, which are prerequisites for many biological appli-
cations as scaffolds in cell growing media and tissue
engineering, drug delivery vehicles for control and guided
release of active agents, and imaging technologies [16–20].
Because of the complex, diverse, and challenging environ-
ments of biological systems, materials that can be used in
this field should be proficient and have tunable character-
istics. Hydrogels, in that respect, are viable materials that
can execute specific functions by design and are manipu-
latable. The combination of a responsive hydrogel with a
rigid porous supporting structure yields a membrane with
high mechanical strength and a high on–off-permeability
ratio [21]. A new concept for a mechanically stable drug
release system is to combine hydrogels with porous
inorganic or ceramic membranes to support the delicate
responsive hydrogel as a partner. It has been reported that
hybrid nanogels synthesized by incorporating the polymer
into a tailored nanostructure, ceramic hosts, or vice versa,
provide more uniform release rate of drugs, as well as a
sustained release profile [22, 23]. Hydrogels can further be
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made magnetic-field-responsive due to the potential appli-
cations of magnetic gels in magnetic drug delivery, cell
sorting, catalysis, sensors, and actuators [24–26]. For a
specific purpose, molecular receptors can be attached to the
nanoparticles to render specific recognition features with
controllable porosity. The integration of the nanoparticles
with polymeric hydrogels facilitates the ways to design
signal-triggered materials with novel electronic properties
[27]. Tailored magnetic bulk, micro- and nanoparticles have
recently been receiving growing attention because of their
extensive applications in the fields of biology and medi-
cine, such as protein and enzyme immobilization, biosepa-
ration, immunoassays, hyperthermia, and controlled drug
delivery [24, 28, 29]. By definition, ferrogel contains
ferromagnetic fluid or finely distributed ferromagnetic
particles, which are attached to the flexible network chains
by adhesive forces giving rise to direct coupling between
the magnetic and mechanical properties of both materials.
Colloidal dispersion of monosized magnetic particles with a
typical size of below 10 nm or a ferrofluid within a
crosslinked polymer network endow superparamagnetic
behavior [30], the same as ferromagnetic fluids. On the
other hand, particles with diameters of about 100 nm or
larger correspond to ferromagnetism [31].

Here, a method is described by utilizing water-in-oil
microemulsion system for syntheses of composite materials.
A cationic monomer was used for nanohydrogel nano-
composite preparation because it is positively charged and
pH responsive and, therefore, can be exploited further for
inorganic–organic nanocomposite synthesis. These types of
monomers can facilitate the silica hydrolysis and condensa-
tion reaction to prepare interesting colloidal ceramic compos-
ite materials with intriguing morphology and characteristics.
Moreover, iron particles (ferrites) were encapsulated with
cationic nanohydrogel matrix in situ with the same synthesis
method.

Experimental

Materials

(3-Acrylamidopropyl)-trimethylammonium chloride (APT-
MACl), acrylamide (AAm) as monomers, N,N′-methylene-
bisacrylamide (Bis) as a crosslinker (X), ammonium
persulfate (APS) as redox initiator, N,N,N′,N′-tetramethyl-
ethylenediamine (TEMED) as an accelerator, dioctyl
sulfosuccinate sodium salt (AOT) as surfactant, 2,2,4-
trimethylpentane (isooctane) as organic solvent, and 2,2′-
azobisisobutyronitrile as a radical initiator were used. Metal
ion source was FeSO4.7H2O, and NH4OH was used as
precipitating agent. Tetramethoxylsilane (TMOS), tetraeth-
oxysilane (TEOS), vinyltrimethoxysilane (VTMOS), and

vinyltriethoxysilane (VTEOS) were used as silica precur-
sors. All the reagents were of analytical grade or the highest
purity available, used without further purification, and
purchased from Aldrich Chemical (Milwaukee, WI, USA).

Nanogel and hybrid organic–inorganic nanocomposite
synthesis

Nanogels of APTMACl were synthesized in inverse micro-
emulsion system at ambient temperature by redox poly-
merization method. The polymerization was carried out at
w0=10 (w0=H2O/[AOT]) medium with various amounts of
X ratios. The synthesis of nanogels was accomplished by
modifying the previously reported procedure [32]. In a
typical route, 0.1 ml of APTMACl was mixed with the
crosslinker solution, which was previously prepared with
varying amounts of X (0.5–5 mol%) in the presence of
10 μl TEMED and transferred to a 20 ml container
containing 15 ml 0.1 M AOT solution in isooctane. This
solution was vortex-stirred to obtain clear water-in-oil
microemulsion. After mixing all these components, the
mixture was purged with nitrogen for at least 1 min to
remove the dissolved oxygen, followed by the addition of
the initiator solution, 1% (with respect to monomer amount)
and another 5 μl of TEMED was added. The total water
level was adjusted to bring the final water content w0=10
condition with initiator solution. The simultaneous poly-
merization and crosslinking reaction was carried out for
24 h with continuous stirring on a magnetic stirrer set up at
ambient temperature. After reaction, the mixture remains
clear, indicating that any crosslinked polymer formed
remains sustained in the microemulsion droplets. The
nanogel was then precipitated using excess acetone to
destabilize the micelles. Several centrifugation and washing
procedures were employed to virtually remove the surfac-
tant. The usage of AAm as a comonomer (one-to-one mole
ratio with respect to APTAMCl) also provides copolymeric
nanohydrogels that afford rigidity to the network and the
ability to control the charge extent in the structure.

To prepare hybrid organic–inorganic composite materials
with cationic monomer, various silica precursors, such as
TMOS, TEOS, and vinyl group containing precursors,
VTMOS and VTEOS, were utilized. For the hybrid
material synthesis, the same system, water-in-oil micro
emulsion, was employed. The typical composite materials
synthesis with TMOS is as follows: to the water-in-oil
microemulsion, 15 ml 0.1 M AOT in isooctane containing
all the components for cationic hydrogel synthesis with the
exception of the APS, were added various mole ratios of
silica precursor, i.e., TMOS/APTMACl (0.5:1, 1:1, 1:2, and
4:1). The reaction was preceded for 2 h, followed by
addition of aqueous solution initiator (0.5% with respect to
monomer amount) for the polymerization-crosslinking
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reaction. The mixture was stirred for another 24 h to
complete the composite synthesis. This method was also
engaged with vinyl group containing silica precursors for
organic–inorganic hybrid materials synthesis.

Ferrite particle encapsulated nanocomposite synthesis

Magnetic particles encapsulated by hydrogels were pre-
pared with a two-step approach. In the first step, the iron
particles were prepared with a method reported previously
[33]. In that method, aqueous FeSO4 containing AOT
reverse micelle solution (w0=10) was prepared in 7.5 ml
0.5 M AOT in isooctane. To this solution was added an
equal amount of another similarly prepared AOT reverse
micelle solution containing NH4OH, obtained from ~30%
aqueous NH4OH with w0=10 in 0.5 M AOT in isooctane.
After vigorous stirring for 2 h at ambient temperature, the
isooctane and water were removed through evacuation in a
vacuum oven at 50 °C for 24 h, leading to a dry residue of
ferrite particles stabilized with AOT surfactants. Subsequent
to formation of ferrite particle, the AOT reverse micelles
containing these ferrite particles were reconstituted with
hydrogel precursors (monomer, crosslinker, and accelerator).

Followed by addition of initiator solution to satisfy the
w0=10 conditions as described previously, the polymeriza-
tion was carried out again 24 h at ambient temperature. For
the removal of surfactant, the same procedure was followed
as is in cationic nanohydogel synthesis, in which acetone
was chosen as solvent, which is a good solvent for surfactant
(AOT) and a precipitant for the cationic hydrogels. The
crosslinker used in the encapsulation of ferrite particle was
relatively higher (2–5%) to prevent the leaking out of iron
particles from the nanogel network. Additionally, AAm was
also used to ensure that no leakage of iron particles from
the network could occur.

Nanocomposite characterization

For the morphological and size determination, nanoparticles
were imaged using transmission electron microscopy
(TEM) and atomic force microscopy (AFM). For TEM
imaging of the nanoparticles, a drop of aliquot was taken
after completion of reactions and diluted 60–80-fold with
isooctane and placed on a formvar-coated copper TEM grid
and dried in a closed environment at ambient temperature
for at least 12 h before imaging. TEM micrographs were

Fig. 1 TEM (a) and AFM (b)
images of 1% crosslinked (1%
X) cationic p(APTMACl)
hydrogels
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acquired using a JEOL (Tokyo, Japan) JEM 2010 electron
microscope operating at 200 kV. For AFM measurements
(I-MAC Molecular Imaging, San Diego, CA, USA),
purified nanoparticles were diluted and swollen in distilled
water, and a drop of swollen nanogel was placed on the mica
surface and dried in the closed environment at ambient
temperature, again for at least 12 h. It was observed that the
intermittent contact mode (tapping mode) technique was
capable of imaging the polymeric nanoparticles. Magnetic
properties of the synthesized materials were investigated
using vibrating sample magnetometer (VSM).

Results and discussion

The cationic monomer, APTMACl, chosen in this study is
an AAm derivative and can be polymerized by UV
irradiation or redox polymerization method [34]. For
nanomaterial synthesis, the reverse micelle technique is
one of the most frequently applied methods [35, 36].
Figure 1a and b shows the TEM and AFM images of
cationic nanohydrogel obtained from the AOT reverse
micellar systems, respectively. The nanohydrogel particles
obtained by this method are about 5 nm in diameter and
almost uniform in size in dried state, as seen from TEM
image. AFM images, on the other hand, depict slightly
larger particle sizes of about 20–40 nm. The positively
charged cationic hydrogels, swollen in water, stick on the
mica surface due to the electrostatic interaction between
charges of nanogels (positive) and the mica surface
(negative). Additionally, as reported by DeSimone et al.,
the interaction between the AFM tip and the nanoparticles
results in the measurement of bigger particle sizes [37].

Figure 2 denotes a scheme of the possibility of designing
a system that can encapsulate nanohydrogel and/or incor-
porate polymer into a tailored nanostructure ceramic host or
vice versa. Combining inorganic properties with responsive
hydrogel material could offer new opportunities; for
example, improved mechanical/structural integrity can be
obtainable while affording flexible and functional polymer
chains, which are very essential in biological applications.
To synthesize ceramic composite material, two approaches
were employed. In the first approach, silica precursor, such
as TMOS or TEOS, was used to prepare amorphous silica
in the reverse micelles of AOT, which has appropriate
conditions for hydrolysis and condensation reactions. In the
second one, a polymerizable functional group containing
silica precursors such as VTMOS or VTEOS was dissolved
in the AOT system, which already contains APTMACl
hydrogel precursor and water. The AMPTACl is chosen
intentionally because its aqueous monomer solution has
already sufficient pH value (~9.5) for promoting silica
hydrolysis and condensation. It is known that in proper

acidic or basic conditions, silica particles can be prepared
with various morphologies [38–40]. The reverse micelles
contain hydrogel precursors (dispersed aqueous phase in
oil), while the silica precursor are partitioning in the oil
phase of AOT solution (in isooctane). With the continuous
stirring during the reaction, silica precursors migrate to the
periphery of the reverse micelles, which already has proper
conditions for hydrolysis and condensation (water and basic
pH). By the addition of initiator, polymerization-cross-
linking and silica hydrolysis-condensations can concurrent-
ly or consecutively be accomplished.

In Fig. 3, the TEM images of ceramic-hydrogel
composites obtained with TMOS silica precursor are
shown. It was observed that the reactions of TMOS and
VTMOS for the nanocomposites synthesis were faster than
their corresponding ethoxy counterparts by trial and error.
In Fig. 3, the mole ratios of TMOS to APTMACl were
varied and depicted in the following order: 0.5 (Fig. 3a), 1
(Fig. 3b), 2 (Fig. 3c), and 4 (Fig. 3d). As can be seen from
the images, with the increase in the amount of silica
precursors, there is distortion in the shape of the composite
particles. This can be explained by the interdroplet collision
during the condensation reaction. The reverse micelles are
in dynamic equilibrium and the increase in the amount of
silica precursors increases the chances of growing silica
particles collision and condensation at the periphery of
reverse micelles, resulting in variations in the shapes of the

Fig. 2 Synthesis scheme of organic–inorganic nanocomposites with
the utilization of various silica precursors
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composite materials. As depicted in Fig. 2, various
morphological structures can be obtained by the appropriate
choice of ceramic precursors. Instead of encapsulation silica
particles inside cationic hydrogels, silica particles can also
be chemically anchored to the hydrogel matrix by using
vinyl group containing silica precursors, such as VTMOS
and VTEOS.

Figure 4 illustrates the TEM images of organic–
inorganic composite materials obtained by utilizing
VTMOS with a one-to-one mole ratio to cationic monomer.
In the close-up image of Fig. 4b, the black dots can be
clearly seen. These darker spot can be assigned to
condensed silica particles anchored to the hydrogel matrix
via covalent bonding from its vinyl functionality. As
revealed from these TEM images, it is possible to engineer
composite nanostructures with an appropriate choice mate-
rial. For example, hydrogels are soft, porous, and respon-
sive materials, while silica particles are mechanically
stronger but brittle and have well-defined structural
properties. In this perspective, the combination of these
two materials provides materials with tunable properties for

unique applications in nanoscale. For instance, mechanical
and permeation properties can be optimized almost inde-
pendently over a large range of parameters for the
separation or recognition of certain molecules. The grafting
of hydrogels on the surface of cylindrical pores or insertion
of solid structure into a matrix afford a nanomesh, which
can control the effective pore size by shrinking or swelling
according to the environmental factors that effect hydrogel
swelling, shrinking, bending, degrading, or curling.

Other kinds of nanocomposite materials, for example,
enhanced composites (responsive to more than one stimu-
lus), can be synthesized by coating magnetic metal particles
with a functional polymer matrix, which is also stimuli-
sensitive, e.g., pH, temperature, solute molecules, ionic
strength of the medium, and so on. Figure 5 shows the
schematic of iron particle encapsulation inside cationic
nanohydrogels by a two-step approach. In the first step, as
shown in Fig. 5a, equal volumes of ferrite particle
precursors, FeSO4 and NH4OH, were mixed in an AOT
reverse micelle system to form nanosized ferrite particle in
water phase of the continuous oil phase. The reverse

Fig. 3 Inorganic–organic
hydrogel nanocomposites pre-
pared with TMOS in mole ratios
to cationic APTMACl monomer
of 0.5 (a), 1 (b), 2 (c), and 4 (d)
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micelles of AOT were used as nanoreactor for iron particle
formation and utilized as stabilizing agent to prevent
aggregation of the formed ferrite particles. Upon mixing
these two precursors, an instantaneous dark mixture of
greenish/brown color appears as an indication of the
reaction by precipitation of ferrous hydroxide complexes.
These complexes are quickly oxidized to ferric hydroxide
complexes by the atmospheric oxygen. After stirring
thoroughly for 2 h, the oil (isooctane) of continuous phase
and the water of aqueous phase were removed in an oven
by evacuation at 50 °C for 24 h to yield dried reverse
micelles containing ferrous hydroxide complexes. The
presence of AOT prevents further growth of ferrite
particles. These dried reverse micelles were reconstituted
with isooctane and aqueous cationic hydrogel precursor.
The clear brown color of the mixture can be attributed to
iron hydroxide complexes. The presence of ferric and
ferrous hydroxide leads to the formation of magnetite or
maghemite [33, 41, 42]. The suspended particle mixture

was polymerized with the addition of redox initiator at
ambient temperature, as depicted in Fig. 5b. The surfactant
was removed by exhaustive washing with acetone and
centrifugation. Here, a relatively high amount of crosslinker
was used to prevent leakage of iron particles. Although the
ionic hydrogels are highly water-swollen, their swelling
depends on the pH and ionic strength of the medium as well
as the amount of crosslinker used during the synthesis [32].

It was shown in earlier work that APTMACl gives
completely three-dimensional networks above 0.5% X
(crosslinker ratio with respect to monomer extent) [43].
The upper limit for crosslinker amount in this work was
chosen as 5% because even this concentration causes the
rupture of the structure in the bulk hydrogel prepared at
the same conditions with nanogels. Due to the rigidity of
the network and close proximity of the positive charges, the
network expands enormously by repulsion of positive
charges in distilled water, and eventually, the network loses
its integrity by breaking apart into smaller pieces. It was

Fig. 4 Inorganic–organic hydrogel nanocomposites prepared with
VTMOS with a 1:1 mole ratio to APTMACl cationic monomer (a),
and the close-up images (b)

Fig. 5 Scheme of ferrite-containing composite hydrogels. a Ferrite
particles synthesis from its reagents in AOT reverse micelles. b
Reconstitution of magnetic particle with hydrogel precursor and
simultaneous polymerization-crosslinking to encapsulate iron particles
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anticipated that 3% or greater crosslinking ratio with
respect to monomer amount should prevent the leakage of
iron particles. Intuitively, it is also possible that there is an
attractive force between the ferrite particles and the cationic
nanogels that may assist the prevention of leakage of ferrite
particles from the hydrogel matrix. The use of AAm as
comonomer promotes the mechanical consistency of the
hydrogel and gives the benefit of controlling charge
distribution on the nanohydrogel systems. Therefore, for
ferrite encapsulated cationic nanohydrogel composite syn-
thesis, relatively higher amounts of crosslinker ratios, 3, 4,
and a maximum of 5%, were used. When AAm was used as
comonomer, relatively lower amounts of crosslinker ratio
(1–2%) yield stable magnetic particles. When solely iron

particles were prepared without any hydrogel encapsulating
them, the color was bright and clear brown, in comparison
with the whitish brown mixture of nanohydogel-encapsu-
lated ferrite particles.

Figure 6a shows the TEM images of ferrite particles, and
Fig. 6b shows the magnetic behavior or these particles after
hydrogel coatings. Figure 6a clearly demonstrates that,
without hydrogel coating, the sizes of ferrite particles are
around 2–5 nm with distinctly seen lattice structures. The
TEM images of iron particles after hydrogel coatings are
presented in Fig. 7a. The TEM micrograph does not show
very clear images of very small particles with hydrogel
coatings; however, from the high-resolution image, Fig. 7b,
ferrite lattices can be noticeable. It was confirmed with
VSM results that the particles are superparamagnetic, which

Fig. 6 a TEM images of ferrite particles. b Applied field vs
magnetization plot of 4% X cationic hydrogels encapsulating ferrite
particles obtained with VSM

Fig. 7 TEM images of magnetic-particle-containing cationic hydro-
gels (a) and a close-up image (b)
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is the case for magnetic particles less than 10 nm. It was
reported that nanosize maghemite (~7 nm) containing
biodegradable gel showed super paramagnetic behavior
[44]. Figure 6b denotes the magnetic property of iron-
encapsulated 4% X p(APTMACl) hydrogels, obtained via
VSM measurements. As can be seen from the figure, after
magnetization, composite particles have a room tempera-
ture magnetization of ~2.4 emu/g at 10 kOe, as determined
by VSM. The absence of hysteresis at room temperature
suggests completely superparamagnetic behavior consisting
with the nanosize of ferrite particles; therefore, the
composite material is magnetic-field-sensitive. In compar-
ison with bulk magnetite or maghemite particles, these
magnetic particle-containing hydrogel composites showed
lower room-temperature magnetization, i.e., γ-Fe2O3 has
saturation magnetization of around 60–80 emu/g at 300 K
[44]. Here, the lower magnetization could be due to poorly
crystalline magnetic nanoparticles, as well as to the
formation of nonmagnetic phases of iron oxides. It is also
possible that the interaction of ferrite particles with cationic
hydrogel coating and/or the surface effect residual AOT in
the magnetization of magnetic particles may result in
reduced magnetization. Another possibility could be the
smaller amount of magnetic particle in the nanocomposite
structure.

These types of materials have many biological uses as
controlled and guided delivery vehicles [29]. It is well known
that polyelectrolyte complexes with oppositely charged
species and, especially, cationic structures are useful in
masking the negative charges of DNA, and have found
immense applications such as in gene delivery [45–47].

Conclusions

With this investigation, it was shown that cationic hydrogel
composites can be prepared in a variety of forms with
additional functionalities utilizing the inverse micelle
polymerization technique. The prepared nanosized hydro-
gels are very small (5–20 nm), highly charged, and
predictably have faster response time, in comparison with
bulk counterparts, to external stimuli such as pH, ionic
strength, or a solute molecule. The additional functionalities
established here are inorganic composites (pore size control
and regulation, i.e., opening and closing in response to a
stimulus and mechanical integrity as support) and magnetic
field sensitivity with their tunable architectures provide
additional advantages to hydrogels in their use in many
field as carriers for sustained and uniform drug delivery
devices, gene therapy, and biosensor applications. It was
shown that these cationic nanohydrogels strongly bind to
DNA [32]. The preparation of the magnetic particle coating
with completely charged hydrogel shown in this investiga-

tion offer great potential on the guided delivery of active
agents. Moreover, with their ceramic composites, material
properties can be enhanced and unique architectures can be
designed precisely to be applicable in pharmaceutical and
biomedical fields, as well as sensor applications. As a result,
hydrogels of nanosized materials with their composites have
many viable applications in bio- and nanotechnology.
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