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ABSTRACT: Ferrogels with well-dispersed single-domain magnetic nanoparticles (NPs) were obtained by the infusion of iron
salts in physically cross-linked poly(vinyl alcohol) (PVA) hydrogels followed by coprecipitation. Freeze—thaw (F—T) cycling was
used as a cryogenic technique to form mechanically strong and highly swellable hydrogels. The networked structure of the final
material was used as a constrained environment for the precipitation of iron oxide NPs and formation of the magnetic gel. A
homogeneous, single-domain ensemble of more than 15 wt % iron oxide NPs (in only one cycle of absorption) could be
obtained through this easy technique. Moreover, the capacity of these magnetic ferrogels to absorb high amounts of ethanol/
water solutions allows impregnation of these materials with ibuprofen and subsequent release of the drug at physiological pH.
The biocompatibility of the components and the use of the nontoxic PVA cross-linking strategy (F—T cycling) make these
materials promising for drug-delivery applications.

B INTRODUCTION system through the hyperthermal effect that occurs by Néel
(inner fluctuation of the magnetic moment) and Brown
(rotation of the whole particle) relaxation mechanisms of
single-domain superparamagnetic NPs.”* In addition to these
relevant magnetic properties, the particular affinity of the NP
surface for molecules and/or ions could, in some cases, confer
sequestering and/or chelating abilities to the gel. These
properties are expected to depend strongly on the ferrogel
structure (cross-linking density, NP dispersion level, swelling
ability)® and on environmental conditions such as pH and ionic
force.

The way in which ferrogels are synthesized is an important
issue to address regarding their properties and potential
applications.”® For most biomedical and pharmaceutical
applications, the use of nontoxic procedures and biocompatible
reagents is an almost unavoidable requirement. Poly(vinyl
alcohol) is a very well-known biocompatible hydrophilic
polymer that has been widely used for the production of
commercial hydrogels®'® and has a high potential to become an
indispensable tool in the design of biomaterials."" In the past
several years, the use of this polymer as a matrix for the
development of ferrogels has been intensively investigated with
relative success.**'® Incorporation of NPs in the matrix has
commonly been carried out by two different approaches:
incorporation of coated or uncoated preformed NPs in
solutions of a linear polymer, followed by chemical or physical
cross-linking,**'* or formation of NPs in the presence of the
polymer, followed by network formation.’*"® An alternative

The rational combination of nanostructures with polymers has
proved to be a powerful tool for the development of new
stimulus-responsive multifunctional materials.' Among poly-
meric matrixes used in nanocomposites, hydrogels are
especially attractive and the ideal choice for potential
applications in the biomedical, environmental, and pharma-
ceutical fields.> Hydrogels are networks constituted by cross-
linked hydrophilic polymer chains with the capacity of
absorbing large amounts of water and biological fluids.® In
the past several years, the interest and attention paid to
hydrogels have progressively changed from large-scale products
toward more sophisticated applications requiring improved
performance.”>* This is the case, for example, for stimulus-
responsive hydrogels* ¢ and biomimetic materials,** with
multiple and promising applications in actuation, in vitro
diagnostics, tissue engineering, and so on. Ferrogels are a class
of stimulus-responsive materials composed of magnetic nano-
particles (NPs) embedded in a gel matrix’ The synergic
combination of magnetic NPs with the soft, hydrophilic, and
wet matrix of hydrogels enables the creation of materials with
unique and advanced properties useful for the design of smart
drug-delivery systems, actuators, and sensors. For example, the
presence of NPs enables the building of materials that can be
deformed®“® or heated” by the action of a magnetic field. In
the presence of magnetic forces, because of the elastic character
of ferrogels, particle movement couples to gel movement,
producing significant deformation and/or changes 1n por051ty
under the action of quite moderate magnetic fields.”™ These

mechanical actions would be responsible for changes in drug Received: August 13, 2013
release and bursting, on—oft behavior observed for some Revised:  October 29, 2013
ferrogel systems.”® On the other hand, the action of an Accepted: November 29, 2013
alternating magnetic field produces remote heating of the Published: November 29, 2013

W ACS Publications  © 2013 American Chemical Society 214 dx.doi.org/10.1021/ie402652j | Ind. Eng. Chem. Res. 2014, 53, 214—221


pubs.acs.org/IECR

Industrial & Engineering Chemistry Research

approach based on the simultaneous formation of NPs and
cross-linking of poly(vinyl alcohol) (PVA) has recently been
reported for the synthesis of ferrogel beads."* A less explored
strategy is the use of the cross-linked polymer network as a
constrained environment for the generation of NPs. Some of
the advantages of this procedure are the use of preformed, well-
characterized hydrogel samples (formed in the absence of NPs)
and the possibility of controlling the NP size by constraints
imposed by the cross-linked network. In this procedure,
hydrogels are swollen with adequate metal precursors that
can be subsequently transformed into NPs through the action
of an appropriate chemical reagent.*® This approach has
recently been used for the incorporation of iron oxide NPs in
chemically cross-linked hydrogels™ and also for the synthesis of
magnetic physical organogels.'® In this work, we use this
strategy to synthesize highly loaded, well-dispersed magnetic
materials from physically cross-linked PVA hydrogels obtained
by freeze—thaw (F—T) cycling, a cryogenic and environ-
mentally friendly technique.'”'” The high swelling capacity and
good mechanical properties of physical PVA hydrogels obtained
by F—T cycling'® make such hydrogels ideal candidates as hosts
for the development of ferrogels by infusion. Moreover, the
presence of OH functional groups in PVA chains can be very
useful for the initial binding of metal Fe** and Fe** ions and the
subsequent stabilization of formed NPs. The biocompatibility
of PVA and the nontoxic procedure used for cross-linking make
this approach very useful for the development of new materials
with applications in drug release.

B MATERIALS AND METHODS

Preparation of Ferrogel Samples. PVA hydrogels were
obtained by three cycles of freezing—thawing (F—T) applied to
10 wt % PVA aqueous solutions (93500 g/mol, Sigma-Aldrich).
These preformed, cross-linked PVA hydrogel samples (typical
sample weight, S0 mg) were immersed in a solution of 12.15 g
of iron(III) chloride hexahydrate and 6.07 g of iron(1I) sulfate
heptahydrate (from Cicarelli Laboratory, San Lorenzo,
Argentina) in 100 mL of distilled water and equilibrated for
24 h. The hydrogels loaded with iron(II) and iron(IIl) ions
were removed from the solution, washed with deionized water,
placed in a solution of ammonia, and left for 1 h to produce
coprecipitation of magnetic nanoparticles inside the gel. The
resultant ferrogel was removed, washed, and allowed to dry at
room temperature. Hereafter, this material is referred to as the
dry ferrogel sample. To study the magnetic properties of the
hydrated material, small pieces of ferrogel were encapsulated
with excess of water in sealed pieces of thermoshrinkable tube
having a capacity of 100 pL. This material is referred to
hereafter as the hydrated ferrogel sample.

Physical, Chemical, and Magnetic Characterization of
the Samples. Transmission electron microscopy (TEM)
images were obtained using a Philips CM-12 microscope
operated at an accelerating voltage of 100 kV. Images were
obtained from ultrathin sections that were cut with a cryo-
ultramicrotome. The average size of the magnetic NP core was
determined using several images and employing more than 100
particles/image. Field-emission scanning electron microscopy
(FESEM) images were obtained with a Zeiss ULTRA plus
instrument. Samples were swollen in distilled water, frozen,
lyophilized, and then cryofractured with liquid N, before
testing.

Differential scanning calorimetry (DSC) measurements were
carried out in a TA Q 2000 instrument. Dynamic scans were
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performed from —40 to 250 °C at 10 °C/min, under a N,
atmosphere. The melting temperature (T,) and degree of
crystallinity were obtained from the resulting thermograms.
Before DSC analysis, gel samples were dried for 48 h at 37 °C.
The degree of crystallinity (X, %) was calculated as
X, (%) = 5 X 100%
PVA

(1)

where AH was determined by integrating the area under the
melting peak over the range 190—-240 °C, AH° is the
theoretical heat required to melt a 100% crystalline PVA
sample (138.6 J/g),"” and Wpy, is the weight fraction of PVA in
the ferrogel.

Thermogravimetric analysis (TGA) was performed with a
Shimadzu TGA-DTGA 50 instrument from room temperature
to 900 °C at 10 °C/min under an air atmosphere. The
degradation temperature (T,) and iron oxide content, reported
as the weight percentage of the fully oxidized crystalline phase,
Fe,0;, were obtained from these measurements.

Swelling determinations were carried out in distilled water
and in ibuprofen solution at 25 °C. Ibuprofen solution was
prepared by mixing 75 mg of the drug (Fluka, 98%) with 2.5
mL of distilled H,O and 12.5 mL of ethanol under constant
stirring for 36 h at 32 °C. All samples were dried before
immersion at 37 °C for 48 h. The equilibrium swelling degree
(W, %) was determined as

W - W,

W, (%) = ——% x 100%

W )

where W, is the initial weight of the samples before immersion
and Wr is the final weight of the sample at equilibrium water
content.

The magnetic properties [measurements of mass magnet-
ization (M) versus magnetic field, of M versus temperature after
zero-field cooling (ZFC) and field cooling (FC) from room
temperature, and of saturation magnetization (M) versus
temperature Jwere performed with a MPMS-XL superconduct-
ing quantum interference device (SQUID) from Quantum
Design, Inc.

The mass magnetization versus magnetic field measurements
were performed up to 2400 kA/m. The ZFC/FC measurement
procedure was carried out as follows: First, the sample was
cooled from 300 to S K in zero magnetic field. Then, a static
magnetic field of S0 Oe was applied, and the magnetization was
measured as the temperature was increased to 300 K. Finally,
the sample was cooled again to 5 K under the same applied
magnetic field (50 Oe), and the magnetization was measured as
the sample was heated from S to 300 K. Curves of Mg versus T
were obtained under an applied field of 2000 kA/m.

Ibuprofen Absorption and Release Studies. Dried
hydrogel samples were allowed to absorb a 3 mg/mL
aqueous/ethanol solution of ibuprofen until reaching maximum
swelling degree (approximately 24 h). Aqueous/ethanol (50/
50) solutions were used because of the poor solubility of
ibuprofen in water.”® The resulting gels were stored at room
temperature for 48 h to eliminate the absorbed water. Then, 50
mg of the loaded gels was placed in 5§ mL of phosphate buffer
(pH 7.4) at 37 °C. At certain times, aliquots of 600 uL were
removed, and the same volume was replaced by fresh buffer.
The ibuprofen concentration was recorded by measuring the
absorbance in phosphate buffer solution at a wavelength of 264
nm. Buffer solutions were prepared from potassium phosphate
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Figure 1. Preparation of ferrogel by infusion of iron salts in a PVA hydrogel and subsequent coprecipitation of magnetic NPs: (a) hydrogel, (b)
swollen hydrogel in iron salt solution, (c) ferrogel (after precipitation).

Figure 2. (a) FESEM and (b—d) TEM micrographs of the ferrogel containing 15.7 wt % iron oxide NPs. The inset in panel b shows the size

distribution curve for NPs in the matrix.

monobasic anhydrous and sodium phosphate dibasic, both

obtained from Sigma-Aldrich, Tokyo, Japan.

B RESULTS AND DISCUSSION

Synthesis of Ferrogels. Macroscopic changes observed in
the hydrogel during infusion and coprecipitation of NP
precursors can be observed in Figure 1. The transparent and
colorless PVA hydrogel developed an orange color after the first
immersion step as a consequence of infiltration of iron salts.
During the final step of the procedure, the samples became
dark brown by the action of ammonium hydroxide, indicating
the formation of magnetite NPs. TGA measurements revealed
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that the final iron oxide content was 15.7 wt %. The amount of
magnetite formed inside the gel was estimated on the basis of
stoichiometric calculations that considered the total concen-
tration of salts in the swollen state to be identical to that of the
initial solution. This implies that iron oxide formation is
controlled by the degree of swelling (a higher degree of
swelling is associated with a higher amount of solution entering
the gel and a higher total amount of precursors available for
magnetite formation). This is only a rough estimation because
fractioning of salts between the swollen gel and the outside
solution cannot be discarded. The specific affinity of ions for
the PVA structure, for example, could conduct a higher
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concentration of salts inside the gel with respect to the
immersion solution. In our case, the maximum swelling degree,
attained after 6 h of immersion in the salt solution, was 340%.
This value gives a maximum of 11.4 wt % iron salts loaded in
the gel [33 wt % Fe(Il) salt and 67 wt % Fe(Ill) salt]. From
these values, an iron oxide content as Fe,O; of about 13.3 wt %
was obtained. This value is slightly lower than that found by
TGA. However, considering the experimental errors associated
with the determinations of both the swelling degree and the
total inorganic content, the obtained values are still reasonable.
As previously discussed, small deviations from this estimation
might also be due to an underestimation of the salt loading in
the gel, which would indicate a preference by the ions to form
complexes with the PVA structure.

TEM images (Figure 2) showed an excellent dispersion of
NPs, with a characteristic mean diameter of 4 nm in the PVA
matrix. Low size and polydispersity probably arise from physical
constraints on NP growth imposed by the matrix during
coprecipitation.

The XRD spectra of ferrogel and hydrogel samples are
shown in Figure 3. Diffraction peaks located at 19.8° and 22.9°
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Figure 3. XRD curves obtained for hydrogel, ferrogel, and magnetite
samples.

(20) (marked with *) were assigned to semicrystalline PVA and
correspond to the (101) and (101) reflection planes,
respectively.”! The additional peak at 35.5° (260) can be
assigned to the most intense diffraction peak of magnetite or
maghemite and corresponds to the (311) reflection of the
crystal struture (JCPDS card no. 19-0629, Joint Committee on
Powder Diffraction Standards), confirming the presence of
these oxides in the gel.

Table 1 displays the thermal results obtained by DSC and
TGA. Figure 4 also shows DSC, TGA, and DTG curves for the

Table 1. Thermal Analysis of Hydro- and Ferrogel Samples®

Tn (°C) Xo (%) T, (°C)  Fe,O5 (wt %)
hydrogel ~ 220.5 + 0.3 31.80 + 3.2 2843 + 5.3 0
ferrogel 223.7 £ 0.6 353 £ 5.1 2959 + 64 187 £ 3.1

“T,, melting temperature; X, degree of crystallinity; T,, degradation
temperature; Fe,Oj3, iron oxide content.

hydro- and ferrogels. For the described synthesis conditions,
TGA measurements revealed an iron content higher than 15 wt
%, which indicates that the process is efficient for the inclusion
of relatively high amounts of NPs in the hydrogel matrix. For
each sample, the peak temperatures of degradation (T},) were
determined from the DTG curves (Figure 4) at the maximum
weight loss rate. The degradation temperature of the ferrogel
was higher than that of the neat matrix, which is possibly
associated with the strong interaction between the matrix and
the nanometric phase. These polymer—filler interactions
restrict polymer chain mobility and reduce the diffusivity of
attacking agents within the polymer matrix, making NPs act as a
heating barrier and delaying degradation of the matrix.”* With
the incorporation of iron oxide, the degree of crystallinity and
melting temperature (T,,) were slightly increased with respect
to the values for the hydrogel, which can be attributed to an
additional postcrystallization process occurring during a second
drying step,'® helped by the nucleating effect of the well-
distributed NPs. This process would enable the formation of
larger crystals with a higher melting temperature.

It is important to note that, although the absolute value of
crystallinity can be affected by the measurement method,”"*
the values obtained here are similar to those found in the
literature for PVA hydrogels obtained by F—T cycling.**
Moreover, the increase in crystallinity observed in the case of
the ferrogel was repeatedly observed independently of the
method used for its measurement (XRD or DSC). This is
important because it demonstrates that the presence of NPs
does not interfere with the structure of the gel or its thermal
properties.

Magnetic Properties. The mass magnetization (M) versus
field (H) curves obtained for hydrated ferrogel samples are
similar to those expected for an ensemble of noninteracting
single-domain magnetic particles (see Figure S for the curves
recorded for the hydrated ferrogel at temperatures between 10
and 290 K). At temperatures of 40 K and higher, no hysteresis
was observed. The analysis of the curves for 290 and 300 K
with a log-normal distribution of Langevin functions indicates a
distribution of NP magnetic sizes with a mean moment of
about 1800 up and a mean diameter of Dy; % 6.4 nm (standard
deviation o, & 2 nm). This value departs considerably from
that determined by the TEM observations (about 46%).
Dipolar interactions between NPs might be responsible for this
departure, as it is shown next that they cannot be disregarded in
the present case and it has been reported that significant error
in the estimation of NP sizes by magnetic measurements occurs
when these interactions are relevant.”

Field-cooling (FC) and zero-field-cooling (ZFC) M versus T
curves measured for dry and hydrated ferrogel samples are
shown in Figure 6. The curve shapes are again similar to those
reported for noninteracting single-domain magnetic NPs.*®
However, different mean blocking temperatures of Ty ~ 25 K
and T8 ~ 17 K were observed for the dry and hydrated ferrogel
samples, respectively (Figure 6). Taking into account that
hydration (W, the equilibrium swelling degree in bidistilled
water at room temperature) gives rise to a 200% growth in
ferrogel volume, the different blocking temperatures might
originate from the existence of dipolar interactions among NPs
and their dependence on the mean NP separation, d. Assuming
a uniform NP space distribution, d would be 44% larger in the
hydrated ferrogel sample. Assuming Néel relaxation, the barrier
energy for NP moment reversal in the presence of dipolar
interactions can be expressed as E, = K4V + €, where K 4 is the
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Figure 4. (a) DSC and (b) TGA and DTG curves for hydro- and ferrogels.

——10K
1 - o= 40K
-2+ - 90K
—-—-140K
--<-- 190K
-+ 240K
- .- - 290K

M (Am°/kg)

M(T)=M(0) (1-oT)

M(Am®/kg)
8 2

o
n

(<]
pce

30 40

T (K)

10 20

T T

-2000 -1000

0 1000 2000

H (kA/m)

Figure 5. SQUID M vs H cycles obtained from the hydrated ferrogel sample at several temperatures from 10 to 290 K. Inset: Plot of saturation

magnetization (M) vs T.

ZFC-FC, H=8kA/m
o
m
204 ,
o T =25K
L e Dy
o0 —e— Hydrated
=
(‘\l\
g
NUE
O T T
0 100 200 300

T(K)

Figure 6. ZFC curve performed under a field of 7.96 X 10> A/m
showing the temperature dependence of the magnetic moments of the
hydrated and dry ferrogel samples. The NP mean blocking
temperatures are 17 and 25 K, respectively.
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NP effective anisotropy, V is the NP mean volume, and ¢ is the
mean dipolar energy per NP.>® Within this scenario, £ must be
larger for the dry than hydrated ferrogel sample (¢4 > €,). From
the proportionality between Ty and E,*® a similar relationship
must be expected for the corresponding blocking temperatures,
that is, Tg > T% in accordance with experiments.

M versus H measurements at temperatures between 10 and
290 K also reveal the existence of NP interactions and suggest
that the NP size obtained from magnetic measurements must
be discussed in greater detail. Although M versus H curves can
be well fitted using Langevin functions with arguments
proportional to VM¢H/T with a log-normal NP size
distribution, the results reveal strong hints of dipolar
interactions, namely, a nonphysical but noticeable steady
growth of the NP magnetic moment with temperature. The
appearance of such behavior in data obtained from materials in
which dipolar interactions between NPs cannot be disregarded
is discussed by Allia et al. ** A detailed account of the magnetic
response of dry and hydrated materials presented in this article,
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including the effect and quantification of dipolar interactions,
will be presented in a future publication.

Swelling of Ferrogels. As observed in Figure 7, for varying
immersion times, different volumes of iron salt solution were

400
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Figure 7. Hydrogel swelling as a function of time in an aqueous
solution of iron salts. Inset: Iron oxide content (Fe,O; weight
percentage) as a function of time.

absorbed by the gel. As different amounts of solution contain
different total amounts of iron oxide precursors, materials with
different contents of NPs can be obtained by extracting samples
at different immersion times. This can be observed for some
selected samples in Figure 7 (inset), in which the total amount
of iron oxide in the ferrogel measured by TGA is presented as a
function of immersion time. It is important to note that the
actual concentration of NPs in the final samples cannot be
predicted accurately because of the possibility of a salt
fractioning effect between the swollen gel and the outside
solution (solution inside the gel could become more
concentrated in salts than solution surrounding the gel because
of the affinity of OH groups in PVA for cations). However, on a
qualitative base, a higher loading of precursors, and
consequently of NPs, can be expected for longer times of
immersion in the precursor solution.

One of the main advantages of ferrogels obtained from PVA
hydrogels cross-linked by F—T cycling can be found in their
high swelling capacity in different solvents. The low cross-
linking densities of these networks enable their use as efficient
absorbers of a variety of biomolecules, drugs, and so on. As an
example, Figure 8 shows the swelling behavior of ferrogels in
ethanol solutions of ibuprofen [(RS)-2-(4-(2-methylpropyl)-
phenyl)propanoic acid], a nonsteroidal anti-inflammatory drug
of widespread use as an analgesic in common pharmacological
treatments. As can be seen, replacing part of the water with
ethanol produced a reduction in the solvent quality and in the
equilibrium swelling value attained by the ferrogels (from 350%
in water to about 100% in ethanol/water solutions). Despite
this decrease in swelling capacity, the ferrogels still become
considerably swollen in the presence of ethanol, which enables
the loading of a drug with a poor solubility in water such as
ibuprofen without precluding its ability for sustained release
with time in aqueous environments at physiological pH (Figure
9).

It is known that drug concentration levels in blood plasma
depend on the quantity of drug released from the used device.””
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Figure 8. Swelling behavior of a ferrogel sample in an aqueous/ethanol
ibuprofen solution.
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Figure 9. Release behavior of ibuprofen from a loaded ferrogel sample
at physiological pH. Inset: In(M,/M,,) vs In().

Hence, to evaluate the mobility of embedded molecules in
hydrogels, these drug-delivery systems are usually characterized
by release studies”® In the simplest manner, the time-dependent
swelling of a polymer has been generally described”® by

M,/M, = kt" (3)

This equation is known as the power-law model, where # is the
diffusional exponent. In this equation, M,/M, represents the
fractional uptake of solvent (or release of a solute) normalized
with respect to the equilibrium conditions. The variables k and
n are constants that can be related to diffusion coefficients and
the specific transport mechanism. This equation is used to
account for the coupled effects of Fickian diffusion and
viscoelastic relaxation in polymer systems>

As can be seen in Figure 9, the release of ibuprofen from the
ferrogel in a buffer solution shows a high initial release rate
followed by a low release rate (most of the drug was released in
less than 150 min). Similar curves were obtained by Zhou et
al.'"* and attributed to an initial rapid diffusion of drugs that
mainly happened in the outermost layer of the sample. In the
second stage of release, plots of In(M,/M,,) versus In t showed
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a linear behavior, suggesting that the drug-release process is in
agreement with a diffusion-controlled mechanism (inset in
Figure 9).

B CONCLUSIONS

Ferrogels with well-dispersed single-domain magnetic NPs
were obtained by a simple method based on the infusion of iron
oxide precursors in a physical cross-linked PVA hydrogel,
followed by coprecipitation of NPs in a basic medium. The
thermal and magnetic properties of the materials were
consistent with the formation of a homogeneous distribution
of small iron oxide NPs in the matrix. The ability of the ferrogel
to swell in different solvents allowed the absorption and
subsequent release of ibuprofen, a drug with a low solubility in
water, at physiological pH. The biocompatibility of the
components, the magnetic and swelling behavior of the final
materials, and the use of a nontoxic PVA cross-linking strategy
(F—T cycling) make these materials promising for drug-
delivery applications.
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