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ABSTRACT: The article is concerned with the prepara-
tion of polymer–iron oxide nanocomposites and the study
as drug-delivery matrices under the influence of applied
magnetic field. Biocompatible materials were prepared by
incorporating an aqueous ferrofluid in poly(vinyl alcohol)
and scleroglucan (SCL) hydrogels, loaded with theophyl-
line as model drug for release studies. The in vitro release
profile was obtained using a flat Franz cell and the kinetic
parameters were derived applying a semiempirical power
law. A magnetic characterization of nanoparticles con-
tained in the ferrofluid was performed by obtaining the
magnetization curve. For both systems, the observed drug
release profiles decreased when a uniform external mag-

netic field is applied suggesting they can be used as envi-
ronmental responsive matrices for biomedical applications.
Dynamic rheological measurements show that a higher
storage modulus and a more compact structure are
obtained by incorporating the ferrofluid into the hydrogels.
These rheological results and environmental electron
scanning microscopy micrographs point to an understand-
ing of release behavior once the magnetic field is
applied. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105:
647–655, 2007
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INTRODUCTION

In the recent years, nanotechnology has developed
to such a degree that it has been possible to produce,
characterize, and make use of the functional proper-
ties of nanoparticles for biomedical applications.1,2

The use of small iron oxide particles in diagnostics
has been experienced for nearly 40 years.3 Increased
investigations with several types of iron oxides have
been carried out in the field of nanosized magnetic
particles (mostly maghemite g-Fe2O3, or magnetite,
Fe3O4, single domains of about 5–20 nm in diame-
ter), among which magnetite is a very promising
candidate since its biocompatibility has been veri-
fied.4 They are used for in vivo treatments, such as
contrast agent for magnetic resonance imaging. The
coating of these particles by organic or inorganic
materials provides functional groups at the surface
with the possibility to be functionalized with drugs.
The application of an external magnetic field allows
delivering these particles (beads) to a selected region

leading to drug targeting.5 Also, magnetic poly-
(ethyl-2-cyanoacrylate) nanoparticles were proposed
as a highly versatile magnetic drug carrier with sus-
tained release behavior.6

However, to our knowledge, there are scarce refer-
ences in the field of magnetic sensitive gels specifi-
cally designed for matrix drug-delivery systems.

Environmental responsive polymeric gels belong
to the class of materials capable of changing its
physical properties in response to external stimuli.
Because of this behavior, these versatile materials are
expected to have a wide application in extended
fields.7 In particular, magnetic field sensitive gels,
called ferrogels, represent a new type of composites,
consisting of small magnetic particles, usually in the
nanometer range, dispersed in an elastic polymeric
matrix.8 In a recent work, ferrogels of micron-sized
magnetite particles and polyvinylalcohol (PVA) were
evaluated for artificial muscle or soft actuator appli-
cations.9 Biodegradable gels with magneto-elastic
properties have been synthesized using hydroxy-
propylcellulose and maghemite.10 The incorporated
colloidal particles connect the shape and physical
properties of the gel to the external field, owing to
interactions between solid particles and polymer
chains.11,12 Zrı́nyi et al. reported that ferrogels can
undergo controllable changes in shape by the influ-
ence of an external magnetic field.13 Recently, Liu
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et al. have reported the preparation of a ferrogel by
mixing PVA hydrogels and Fe3O4 magnetic particles
using freezing-thawing cycles. For these novel mate-
rials, rapid to slow drug release is achievable when
the magnetic field is switched from ‘‘off’’ to ‘‘on’’
mode,14 which affects the deformation of the gel.

Environmentally sensitive hydrogels for drug
delivery require polymeric networks with biocompat-
ibility and biodegradability as essential requirements
for successful applications. Taking into account these
characteristics, in this work, composites based on
PVA and scleroglucan (SCL) were assayed.

PVA is a synthetic biocompatible polymer that has
been studied intensively because of its good gel and
film forming characteristics. These properties allow
its broad use in pharmaceutical and biomedical
applications.15 Glutaraldehyde (GTA) is an efficient
crosslinking agent commonly used to form PVA gels
that has received widespread acceptance. The toxic-
ity of GTA-crosslinked materials is often due to the
presence of nonreacted aldehyde, which can cause
local inflammation and calcification.16 However, it
has been reported that when the concentration of
GTA used to prepare gelatin membranes was lower
than 0.1% w/w, the cell viability assay indicated the
biocompatible nature of membranes.17 Magnetic
films obtained from gels with a GTA-crosslinked
PVA network have been described biocompatible,
stable, and possessing the magnetic properties of the
nanoparticles.18 In a recent work, the preparation of
PVA magnetic films from an aqueous ferrofluid has
been reported.19

SCL is a hydrogel-forming neutral polysaccharide,
produced by fungi, having features such as high bio-
compatibility, biodegradability, bioadhesivity, chemi-
cal, and thermal resistance making it particularly
well suited for drug-delivery applications. In aque-
ous solution, this polysaccharide adopts a stable tri-
ple-stranded helical conformation held together by
hydrogen bonds.20 In previous works, we studied
SCL hydrogels as matrices for controlled release.21–23

Two systems have been prepared and studied as
follows:

i. a film of PVA, chemically crosslinked with
GTA, added with an aqueous magnetic colloidal
suspension (a stabilized magnetite sol) and

ii. a physically crosslinked hydrogel, obtained
with SCL that swells in water in the presence
of a magnetite sol giving a novel composite
system.

To gain an understanding about these composites
as potential drug-delivery systems, they were pre-
pared in the presence of a model drug for release
studies, theophylline (Th), previously dissolved in
the aqueous phase.

Both systems were subjected to the influence of a
magnetic field on in vitro drug-release behavior.
These matrices were evaluated as possible magnetic
responsive delivery systems suitable for controlled
release devices.

EXPERIMENTAL

Materials

The PVA (Riedel-de Haën) used presented a saponi-
fication value of 87% and an average molecular
weight of 22,000. GTA solution (25% w/w) was pro-
vided by J. Baker (USA). SCL of molecular weight
4.5 � 105 was provided by CarboMer (USA) and
used at 2% w/w in all preparations. Th (C7H8N4O2,
MW ¼ 180.17), in compliance with British Pharmaco-
peia standards, was purchased from Saporiti Labora-
tories (Argentina). This model drug was chosen for
drug-release studies because of its stability in water
solutions and its easy detection by UV absorption,
and it was used in all matrices at 0.2% w/w.

To prepare the ferrofluid, we used FeCl2 � 6H2O,
FeCl3�3H2O, and NH3 of analytical grade. The sur-
factant cetyltrimethylammonium bromide (CTAB)
was purchased from Sigma (St. Louis, MO).

Methods

Preparation of ferrofluid

The detailed synthesis of magnetite was described
earlier.12 To produce particles with narrow size dis-
tribution, magnetite sol was prepared from FeCl2
and FeCl3 in an aqueous solution. The ratio between
Fe3þ/Fe2þ was two. For the precipitation, we used a
solution of NH3 50% w/w, carefully added with in-
tensive stirring. The magnetite aqueous ferrofluid
was synthesized by us in water.19 To prevent the
aggregation between particles and to stabilize the
colloid is necessary to generate an additional repul-
sion force to counterbalance the Van der Waals for-
ces. This can be accomplished by the addition of a
surfactant producing a steric stabilization or adding
a repulsion agent, such as HClO4. In the preparation
used in this work, the biocompatible cationic surfac-
tant CTAB was employed. The suspension of magne-
tite particles with modified surface was treated by
sonication for 1 h to obtain a homogeneous system.

Preparation of magnetic hydrogels loaded
with theophylline

PVA-based composites. PVA-based composites were
prepared by taking an aliquot of the aqueous ferro-
fluid (0.05 g of particles/milliliters) previously soni-
cated for 10 min, adding it to PVA solution (6% w/v)
and maintaining the mixture under sonication for
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30 min. GTA was used at 0.06% w/w as the cross-
linking agent to form the gel in the presence of the
required amount of Th aqueous solution. The degree
of crosslinking (moles of monomer units per mol of
crosslinking agent) was 200. A low GTA concentra-
tion was used to care for the biocompatibility of
PVA gel, affected by residual aldehyde. However,
for in vivo applications of these PVA composites, fur-
ther treatment to block any unreacted aldehyde
group is advisable, as has been described by Chen
et al.24 PVA films were obtained keeping the ferro-
gels in Petri dishes at low humidity in a sealed con-
tainer with silica gel for 1 week. A homogeneous
particle distribution in PVA films is attained. Never-
theless, after gelification, some agglomeration of par-
ticles is produced giving particle aggregates of about
1 mm diameter, as observed by environmental scan-
ning electron microscopy (see below). For some
drug-release experiments, the sample was kept
under the same uniform magnetic field (600 G with
field lines parallel to the surface of the sample) for a
number of hours, obtaining a pretreated material.
SCL-based composites. SCL concentration was kept
constant in all experiments (2% w/w) by using 0.20 g
SCL/10 g of total system (Th, distilled water, ferro-
fluid, and SCL). The necessary amount of polymer
powder was dispersed in water containing the
dissolved Th. These dispersions, added with the fer-
rofluid, were kept stirring at constant temperature
for 96 h to obtain the proper polymer swelling
and homogeneous gel formation. Well-defined stir-
ring conditions were kept constant for every gel
preparation.

Magnetic particles were present at 2.8 and 2.0%
w/w in PVA and SCL composites, respectively,
determined by weighting the residuum at 6008C.

Environmental scanning electronic microscopy

Compared to traditional scanning electron micros-
copy (SEM), the most prominent advantage of ESEM
is that the imaging of a sample is performed under
the protective atmosphere of water vapor. This non-
destructive technique allows the imaging of surfaces
of practically any specimen wet or dry, insulating or
conducting, without any previous treatment of the
sample.25,26

Hydrophilic samples such as hydrogels remain
intact and the observed topography represents the
actual surface structure of the material. ESEM was
used as a direct technique to estimate the pore size,
as the network mesh or pore size is one of the im-
portant parameters in controlling the release rate.

Micrographs of SCL and PVA matrices with or
without magnetite particles were obtained at 208C
using a Environmental Scanning Electron Micro-

scope 2010 (FEI Company, Hillsboro, OR) running in
the so-called environmental wet mode.

The sample chamber was kept at a constant pres-
sure of 10–20 Torr (1 Torr % 133 N m�2) displayed
at the bottom of each micrograph. The electron beam
used had a voltage of 20 kV.

Dynamic rheology

A weighed sample of each gel was used to com-
pletely fill up the 1-mm gap space under a 50 mm
diameter of a rough flat plate device of a Paar Phys-
ica controlled stress rotational shear rheometer
(MCR 300, Stuttgart, Germany). The temperature of
the sample was kept constant at 258C using a Peltier
system (Viscotherm VT2, Paar Physica, Germany).

Drying out of the samples was prevented by creat-
ing a water-saturated atmosphere around them
using a small container with distilled water. After
the loading of each sample, a 10 min delay was set
to reach thermal and mechanical equilibrium to
reconfigure the unperturbed state of the samples
before any testing.

The linear viscoelastic range (LVR) was determined
for each sample performing oscillatory stress sweeps
from 0 to 50 Pa at a constant frequency of 2 Hz. The
LVR is the range stress/strain within which the
measured rheological parameters are constants.

After the LVR was found, a constant strain of 1%
was selected to perform the frequency sweep from
0.05 to 4 Hz.

The rheological parameters obtained from the fre-
quency sweeps are the storage modulus (G0), the loss
modulus (G00), and the tangent of the phase shift
angle (tan d ¼ G00/G0). The frequency chosen to com-
pare these parameters was 2 Hz.

Characterization of solids

Adsorption of PVA on the surface of magnetite in
films was examined by infrared spectroscopy by a
ThermoNicolet FTIR Avatar 320 (Fig. 1).

The magnetization curve of particles dried from a
sample of ferrofluid was obtained with a Lakeshore
7300 vibrating sample magnetometer (VSM) at room
temperature (Fig. 2).

in vitro drug-release measurements

Assays for in vitro Th release from both types of
composites were performed in a Flat Ground Joint-
type Franz Cell (PermeGear, USA). A Franz cell is a
device with two vertical compartments. The upper
donor chamber is filled with the gel sample and the
lower one is the receptor compartment, initially
filled with distilled water. In the lower compartment,
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the theophylline concentration increases as drug
permeation occurs and samples are taken at different
times. The area at the top of the receptor chamber is
covered by a membrane sustaining the gel being
tested for drug release. In our experiments, a mem-
brane of cellulose (Arthur Thomas, USA) was placed
between the upper section of the Franz cell and the
lower receptor compartment. The pore size of the
hydrophilic cellulose membrane (48 Å) provided a
MW cut-off of 12,000. Taking into account the drug
size (Th radius: 3.8 Å27), the membrane pores did
not introduce an additional restriction. During the
release experiments, the composite gel matrix con-
taining the dissolved drug was placed in the upper
compartment of the Franz cell. To test the magnetic
effect on drug-delivery pattern, a magnetic field of
600 G was applied on the donor compartment of the
Franz cell, with magnetic field lines parallel to the
release surface of the matrix. The gel sample was
placed between the magnetic poles in a region with
a mainly uniform field.

The kinetic experiments were performed under
thermostatic control (258C). Because of the magnetic
characteristic of the samples, the constant stirring of
the receptor compartment was achieved using a
mechanical stirrer specially designed for this experi-
mental setup.

Measurements of drug concentration were per-
formed by taking samples of 0.30 mL with a preci-
sion syringe at fixed times from the sampling port of
the receptor compartment. The Th absorbance was
measured at 271 nm in a Shimadzu UV-2401 spectro-
photometer (Shimadzu, Kyoto, Japan). After each
aliquot was taken, the volume (20 mL) in the recep-
tor compartment was topped-up with distilled
water, assuring a constant volume and a full contact

between the polymeric matrix supported by the
membrane and the receptor fluid.

Release data treatment

The cumulative concentration of drug released was
calculated (determined molar absorption coefficient
of Th at 271 nm in water ¼ 1.0 � 104 M�1 cm�1) and
the curves of Th concentration as a function of time
were plotted. For each set of experimental condi-
tions, data from replicated experiments were plotted
as a group. Therefore, in all cases, the total number
of experimental points considered for fitting pur-
poses was in the order of 30–50. Experimental points
were normalized using the highest Th concentration
delivered when no magnetic field was applied.

Taking into account that the only area available
for drug release is the surface of the membrane in
contact with the liquid of the receptor compartment
of the Franz diffusion cell, an assumption was made
that the release process is one dimensional. The data
were fitted only at short times (up to 6000–8000 s) to
maintain nearly perfect sink conditions, i.e., low
drug concentration in the release medium. The tem-
poral behavior of Th concentration during this first
part of the release process was adjusted to a power-
law type semiempirical equation:28,29

Mt=M1 ¼ ktn (1)

where, Mt and M1 are the cumulative amount of
drug released after a time t and an infinite time, respec-
tively, k is a constant depending on kinetic characteris-
tics and experimental conditions, and n is the exponent
describing the release process. M1 and k were
included in k0, and eq. (2) was used to fit the data:

½Th� ¼ k0tn (2)

Figure 1 IR spectra of (a) film dried from a PVA 6% w/
w aqueous solution, (b) film dried from a sonicated mix-
ture of PVA 6% w/w aqueous solution and magnetite par-
ticles, and (c) magnetite particles dried from a ferrofluid
sample.

Figure 2 Magnetization versus magnetic field at room
temperature for particles dried from a ferrofluid sample.
Arrows indicate the sweep of the magnetization curve. &:
first step, l: second step, and ~: third step of this curve.
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where [Th] is the normalized molar concentration of
Th in the receptor compartment at time t. The power
law [eqs. (1) or (2)] can be seen as an expression that
involves two independent mechanisms of drug trans-
port, a Fickian diffusional release because of a chemical
potential gradient and a relaxational release because of
the swelling in water of hydrophilic polymers (case-II
transport). In this last case, the relaxation process of
the macromolecules occurring upon water imbibition
into the system is the rate-determining stage.

It was used as a global analysis of different repli-
cate experiments using nonlinear least-squares pro-
cedure by the Levenberg–Marquardt method (Matlab
version 6.5, The MathWorks, 2002). The 95% confi-
dence interval of the nonlinear least square estima-
tion was obtained for all parameters.

RESULTS AND DISCUSSION

Figure 1 shows the infrared spectra of a pure PVA
film [Fig. 1(a)], a PVA-magnetite film [Fig. 1(b)],
and magnetite particles [Fig. 1(c)]. As shown in
Figure 1(a), three absorption bands are observed at
3420, 2930, and 2347 cm�1 being assigned to O��H
and two C��H stretching of PVA, respectively, while
absorption bands assigned to the C��O stretching
vibration of PVA are observed at 1620 and 1088 cm�1.
In Figure 1(b), these absorption bands are observed
at slightly lower wave number. In Figure 1(c), we
can appreciate between 1634 and 500 cm�1 absorp-
tion bands assigned to iron oxides. The intensity of
the band of iron oxide near 500 cm�1 is not observed
in the PVA-magnetite sample. These results indicate
that PVA is adsorbed on the surface of the magnetite
particles.12

Figure 2 shows the magnetization loop of the par-
ticles dried from a sample of ferrofluid versus
applied field at room temperature. We can appreci-
ate a superparamagnetic behavior, as evidenced by
zero coercivity and remanance on the magnetization
loop. To describe the magnetization of the magnetic
fluid, several theoretical models are used, but the
simplest one is Langevin’s model and Chantrell
method.30 From the corresponding data fitting to the
magnetization curve, the magnetic moment m of each
particle is obtained. The particle diameter D is given
by the following equation:

D ¼ 3

ffiffiffiffiffiffiffiffiffiffiffiffi
6m

Mspr

s
(3)

where m (2116 mB)19 is the magnetic moment of each
particle, Ms is the specific saturation magnetization
(29.5 emu/g, Fig. 2), and r is the density of the iron
oxide (� 5.0 g/cm3). In this case, the particle diame-
ter appears to be in the order of 13.0 nm.12

Figures 3 and 4 show the drug-release patterns.
The lower curve included in Figure 3 was obtained
in the presence of a magnetic field that was applied
on the SCL gel matrix at the beginning of the release
experiment. Figure 4 incorporates results obtained in
two different conditions: applying the magnetic field
on the PVA matrix when the release measurements
started and using a pretreated material during 20 h.

The nonpretreated PVA gel shows the same
release profile with or without magnetic field until
2100 s when both curves start to split. The applica-
tion of the magnetic field produces a lower release

Figure 3 SCL-based composite. Normalized cumulative
concentration of Th as a function of release time: (l) with-
out applied magnetic field, (!) with an applied magnetic
field of 600 G. Lines represent calculated values according
to eq. (2). Best fit parameters were taken from Table I.

Figure 4 PVA-based composite. Normalized cumulative
concentration of Th as a function of release time: (l) with-
out applied magnetic field, ($) with an applied magnetic
field of 600 G, (!) sample maintained 20 h with an
applied magnetic field of 600 G and measured under the
same magnetic field. Lines represent calculated values
according to eq. (2). Best fit parameters were taken from
Table II.
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after a period of time that could be related to a
significant particle orientation in the matrix as a
consequence of the applied magnetic field. In the
case of the pretreated material, the release is lower
(compared to the matrix measured in the absence of
applied magnetic field) from the beginning of the
experiment. Both pretreated and nonpretrated sam-
ples attain the same Th concentration at about 6500 s,
which could be attributed to the required duration
to reach a similar particle alignment in both the non-
pretreated sample and the pretreated one.

It has to be noted that in the case of SCL matrix, a
less structured system than PVA films, the difference
in release kinetics is observed at about 350 s from
the starting of the experiment (Fig. 3), pointing to a
lower orientation time.

For slab geometry of the sample, the n parameter
in eq. (2) has two proposed physical meanings: n ¼
0.5 (diffusion-controlled drug release) and n ¼ 1.0
(relaxation-controlled drug release).29 Values of n
between 0.5 and 1 can be regarded as a superposi-
tion of the two mechanisms mentioned before.
Tables I and II present the results of eq. (2) fit for
both composites. Data appear to be correctly de-
scribed and fitted by this equation, as can be seen in
Figures 3 and 4 and as it is reflected by the correla-
tion coefficients (R2) in the range 0.9671–0.9932. The
information shown in Tables I and II, where n values
are in the range 0.4–0.6, and most cases around 0.5,
indicates a predominant diffusion process responsi-
ble for drug release. It has to be noted that the case
described in the second row of Table II with n near
0.4 and the lowest R2 is a particular one, because

during the first part of the release, a well structured
network like a PVA film, is affected by modifications
in particle alignment, probably leading to a distorted
release pattern.

We can appreciate that the application of a mag-
netic field parallel to the release surface of the gel
decreases the amount of drug delivered, in both
matrices. This behavior is in agreement with the
recent results reported by Liu et al.,14 who found a
change from rapid to slow drug release by the appli-
cation of an external magnetic field. This behavior is
attributed to a considerable reduction of the pore
size and an increased tortuosity of the pore channels
of the composite hydrogel, both facts leading to a
decreased drug release.

Under a uniform magnetic field, the applied field
orients magnetic dipoles and particle–particle inter-
actions become important.31 The particles attract
each other when aligned end-to-end, as has been
shown for Fe3O4 particles dispersed in silicon oil
under a uniform magnetic field.11 The smaller drug
release reported in this work for both composites
under the influence of applied magnetic field can be
explained taking into account that the orientation of
magnetic dipoles of particles dispersed in the poly-
meric matrix causes the formation of row structures,
parallel to the field direction. As a result, these
chainlike structures may restrict the diffusion of Th
by increasing the tortuosity of pore channels filled
with the aqueous phase.

Moreover, a temporary reinforcement effect has
been described for a uniform magnetic field applied
on a magnetic gel. This effect leads to an increase in

TABLE I
Theophylline-Release Kinetic Parametersa Obtained for SCL-Magnetite

Hydrogels at Different Conditions (258C)

External magnetic field nb k0b (s�n) R2

Nonapplied 0.56 6 0.03 (6.0 6 1.0) � 10�3 0.9793
Applied 0.52 6 0.02 (5.6 6 1.0) � 10�3 0.9881

a Mean and confidence intervals are informed. Statistical treatment of results is men-
tioned in Experimental section. All parameters are within the 95% confidence interval of
the nonlinear least square estimate.

b Kinetic parameters were obtained by fitting the data through eq. (2).

TABLE II
Theophylline-Release Kinetic Parametersa Obtained for PVA–Magnetite

Hydrogels at Different Conditions (258C)

External magnetic field nb k0b (s�n) R2

Nonapplied 0.55 6 0.03 (7.3 6 1.8) � 10�3 0.9865
Applied on nonpretreated sample 0.37 6 0.03 (3.1 6 0.8) � 10�2 0.9671
Applied on pretreated sample 0.62 6 0.05 (3.1 6 1.4) � 10�3 0.9932

a Mean and confidence intervals are informed. Statistical treatment of results is men-
tioned in Experimental section. All parameters are within the 95% confidence interval of
the nonlinear least square estimate.

b Kinetic parameters were obtained by fitting the data through eq. (2).
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the elastic modulus (G0) of the material, meaning
that the deformation of the ferrogels requires more
energy under a uniform magnetic field.11 The G0

parameter can be used as an indicator of macro-
scopic hardness and as an indicator of structure.32

These considerations are related to the increase of
viscosity observed in ferrofluids under a magnetic
field.33 Results obtained in our laboratory showed
that in an aqueous ferrofluid with 1.8% w/w particle
concentration, the viscosity (0.946 cp at room tem-

perature and in the absence of a magnetic field)
increases up to 30% when a magnetic field of 600 G
is applied.

For SCL gels (with no added magnetic particles),
in our previous work,22 an increased elastic modulus
with growing polymer concentration has been ob-
served, concurrently with a lower drug release. In
that work, the elastic modulus G0, which is proposed
to be directly related to the crosslink density of
the network,34 showed an increase when the SCL

Figure 5 ESEM micrographs of (a) SCL 2% w/w without particles (b) SCL 2% w/w with 2.0% w/w particles; (c) PVA
film without particles, and (d) PVA film with 2.8% w/w of magnetite particles.
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concentration changed from 1% w/w (G0 ¼ 49 Pa) to
4% w/w (G0 ¼ 445 Pa). This more solid matrix was
coupled with the observation of a 20% decrease in
drug release at 3500 s.

From the frequency sweeps of rheological experi-
ments, it can be concluded that the matrices studied
herein are weak gels because G0 and G00 exhibit
a light frequency dependence with no sign of a
Newtonian plateau in the low-frequency region,
being G0 always bigger than G00 thus resulting in a
solidlike behavior.35

The application of magnetic field to the composites
studied in this work may also increase the hardness
of gel system and this fact can account for the
observed lesser drug release. To better understand
the effect of magnetic particles inclusion, we meas-
ured G0 for a composite made of 1% w/w magnetite
particles and 2% w/w SCL gel and we compared
the G0 value with that obtained for a 2% w/w SCL
gel without particles.23 The experimental results
point to a bigger rigidity of the systems after the
inclusion of the magnetic particles. The matrix
loaded with particles shows a wider LVR (0–23 Pa)
than that of the material without particles (0–15 Pa)
and also presents a reinforcement of the elastic mod-
ulus (from 117 6 8 Pa to 178 6 17 Pa). This effect is
probably due to the magnetic interactions between
particles. The same effect is observed for other sys-
tems using polyvinyl alcohol as hydrogel.36

To test the influence of the magnetic field on G0,
we placed the SCL-magnetite material under an
external uniform field of 600 Gauss during 20 or 69 h
before the rheological test. A 20-h pretreated mate-
rial showed a 30% increase in the G0 modulus when
compared with the value obtained for the nonpre-
treated one. Furthermore, it was observed an increase
of 95% in G0 when comparing a 20-h pretreated sys-
tem with a 69-h pretreated one, indicative of a big-
ger rigidity of the matrix as the pretreatement time
increases.

In an attempt to identify the composite morphol-
ogy, ESEM micrographs were obtained for both sys-
tems. Experimental conditions are detailed at the
bottom of each one (Fig. 5). Figure 5(a,b) are micro-
graphs for a 2% w/w SCL matrix without and with
magnetic particles, respectively. Figure 5(c,d) corre-
spond to PVA matrix without or with magnetite
particles in that order.

Figure 5(a) shows a spongelike gel structure with
pore sizes ranging from 40 to 77 mm. Figure 5(b)
illustrates a very different situation, where the par-
ticles tend to add to form larger aggregates and
the opened structure observed in Figure 5(a) is not
preserved.

Figure 5(c) shows a micrograph of a PVA film on
the edge pores with a size of about 11 mm can be
seen.

From Figure 5(d), it can be observed that magnetic
particles, forming agglomerates mostly around 2–
3 mm, are well distributed in a compacted PVA matrix.

For both matrices, a considerable more open struc-
ture is observed without particles in comparison
with that obtained with the inclusion of particles.
The pore diameter drops drastically when particles
are present, possibly leading to an increase in the
tortuosity of inner channels filled with the aqueous
phase. In the presence of a magnetic field, the forma-
tion of particle row structures results in a decreased
drug release.

Additional research will allow us to evaluate
drug-release behavior under the influence of a num-
ber of factors such as particle concentration, direc-
tion of the applied magnetic field relative to the
drug release flow path, and intensity of the magnetic
field.

CONCLUSIONS

Two biocompatible composite gels containing mag-
netic particles and loaded with theophylline have
been prepared and tested as drug-delivery matrices.
The experimental data show that the drug-release
kinetics can be decreased by the application of a uni-
form magnetic field. These results can be explained
by the effects of the added particles to the gel, which
leads to an increase of the rigidity of the matrix and
a less opened structure. For some purposes, a re-
duced drug delivery could be an advantage, depend-
ing on expected drug effect. For example, a slower
release will bring a wider delivery time.

These results suggest that these composites offer
promising capabilities for their application in con-
trolled drug-delivery systems responsive to external
stimuli, such as an external magnetic field.

The authors are grateful to Mrs. Paula Bertoglio for her
assistance in particle preparations. The authors thank
Dr. Marta Rosen (Head of Group of Porous Media, Facul-
tad de Ingenierı́a, Universidad de Buenos Aires) for the
use of the dynamic rheometer.
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