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Abstract

Magnetic biomaterials were prepared using magnetite and chitosan-coated magnetite nanoparticles (CSNPs) dispersed in
poly(vinyl alcohol) gels. Two different methods were developed to obtain ferrogels: in situ co-precipitation of magnetite
(Ferro-IS) and by adding previously synthesized CSNPs to the neat matrix (Ferro-CSNPs). In both cases, the crosslinking was
carried out by freezing − thawing (F-T). The as-prepared materials as well as precursor CSNPs were characterized by Fourier
transform infrared spectroscopy, electronic microscopy (scanning and transmission), X-ray diffraction, ζ potential, dynamic
light scattering, thermogravimetric analysis, differential scanning calorimetry and magnetic properties. The performance of
these gels as protein adsorbents was evaluated. Batch adsorption experiments were carried out using bovine serum albumin
(BSA) as a model. Substantially different adsorption behaviour was found using Ferro-IS and Ferro-CSNPs. This was assigned to
dissimilar bonding mechanisms of BSA to the ferrogel matrix. Hence, biomaterials potentially useful in drug delivery as well as
in protein purification fields may be prepared by a relatively simple, non-toxic and low cost method.
c© 2013 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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INTRODUCTION
Ferrogels are stimuli-responsive polymers with promising uses in
the biomedical area, i.e. as drug delivery devices.1 They are a new
kind of smart material that responds to an external non-uniform
magnetic field, changing their volume or structure due to the
coupling of magnetic and elastic properties (typical deformation
patterns include elongation, rotation and torsion, coiling and
bending of the polymer).2,3 Ferrogels are commonly prepared
using magnetic nanoparticles (NPs) and a polymer matrix.4 One
of the most widely used polymers for this purpose is poly(vinyl
alcohol) (PVA), a highly biocompatible and hydrophilic, non-toxic
and inexpensive polymer that can be easily processed.5 PVA
solutions may form hydrogels by a non-toxic method called
freezing–thawing (F-T), which consists of consecutive cycles of
freezing and thawing the polymer solutions.6 All mentioned
properties together have led to the use of PVA-based gels in
a wide range of applications in the medical, pharmaceutical and
packaging fields.7

Different kinds of magnetic devices based on hydrogels have
been investigated. For instance, Garcı́a-Cerdá et al.8 prepared and
characterized PVA − cobalt ferrite ferrogels by the casting method.
Liu et al. synthesized chemically crosslinked ferrogels based
on gelatine and magnetite NPs.9 Satarkar and Hilt10 produced
temperature-responsive magnetic nanocomposites based on
poly(N-isopropyl acrylamide) and magnetite. According to a
literature survey, various methods have been developed to prepare
ferrogels;11 among them the synthesis of in situ ferrogels based on

PVA is one of the most promising due to its simplicity. It has been
well studied and reported in previous work.12 Briefly, this paper
deals with the synthesis of superparamagnetic ferrogels based on
F-T of ferrofluids prepared from the in situ synthesis of iron oxide
in the presence of PVA.12

Proteins play a key role in all biological organisms.13 Bovine
serum albumin (BSA) is of great importance in pharmacology
as the conjugation of certain drugs to albumin decreases their
toxicity.14 The well-known structural and physical characteristics of
BSA help in investigations of protein conformational changes with
magnetite surfaces.15 The ability of polymers to protect proteins
from proteolysis and antibody neutralization in vivo in addition to
supplying a controlled release vehicle is also known.16,17 Hydrogels
can occlude a large amount of water providing an aqueous
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environment that protects proteins.18,19 Therefore, water-soluble
proteins can easily diffuse through a hydrogel matrix with only
its size as a restriction.20 Generally, hydrogels adsorb proteins not
only on their surface but also in their network21 and the amount
of protein adsorbed depends on the hydrogel water content (thus
the crosslinked density).22 The uptake of the protein appears to be
directly dependent on the hydrogel structure and composition.23

Much work has demonstrated that most of the water-soluble
proteins will reside in water filled pores when incorporated into
the matrix.24,25

The aim of this work was to formulate and characterize ferrogels
for drug delivery and purification of proteins. Two different
procedures were performed to obtain these materials, both based
on the F-T method. Hence, two kinds of ferrogels were achieved,
one containing raw iron oxide NPs and the other containing
chitosan-coated NPs (CSNPs). These biomaterials were evaluated
with regard to their ability to adsorb a model protein (BSA),
aiming to determine the influence of the ferrogel structure on
the adsorption capability. On the other hand, such assays were
performed as a preliminary step to employing ferrogels with more
complex medicaments as well as other proteins.

MATERIALS AND METHODS
Materials
PVA with average molecular weight-average molecular weight
of 93 000 g mol−1 and a hydrolysis degree higher than
98%–99% was purchased from Sigma-Aldrich (Saint Louis, USA).
CS, commercialized as Chitoclear, was provided by Primex
(Siglufjordur, Iceland). BSA was supplied by Laboratorios Wiener
(Buenos Aires, Argentina). Iron(II) sulfate, heptahydrated, and
iron(III) chloride, hexahydrated, were purchased from Cicarelli
Laboratory (Buenos Aires, Argentina), hydrochloric acid was from
Biopack (Argentina) and ammonium hydroxide was provided by
Anedra Laboratory (Buenos Aires, Argentina).

Synthesis of magnetic nanoparticles
Bare magnetite nanoparticles
Magnetite was synthesized by a co-precipitation method.26

In brief, 3.254 g of FeCl3.6H2O (12.1 × 10–3 mol Fe3+) and 1.789 g
of FeSO4.7H2O (6.46 × 10–3 mol Fe2+) were dissolved in 100 mL
of distilled water. The solution was stirred at 70 ◦C under a N2

atmosphere for 25 min. Then, 25 mL of NaOH (5 mol L−1) was added
to precipitate the oxide. The addition of the alkali was performed
at a rate of 1 mL min−1 in order to minimize the magnetite
(Fe3O4) aggregation. The solution changed from brown, in the
initial addition stages, to black at the end of the NaOH addition.
The mixture was allowed to complete magnetite formation for
30 min. The dark dispersion obtained was filtered, and three
washing steps were performed using bidistilled water. The
resultant solid was dried in an oven at 45 ◦C overnight producing
1 g of magnetite.

Chitosan-coated magnetite nanoparticles
Magnetite nanoparticles (75 mg) were dispersed in 10 mL of NaCl
0.1 mol L−1 solution27,28 acidulated with acetic acid (10 vol%)
(pH 4) and containing 25 mg of CS. The NaCl was used to reduce
the electrostatic repulsion between the NPs.29 The dispersion
was performed under magnetic stirring at room temperature.
NaOH 0.1 mol L−1 (5 mL) was added at a controlled rate (around
0.5 mL min−1) in order to precipitate the CS. The mixture was

magnetically stirred for 30 min and sonicated for 60 min. Solid
CSNPs were isolated after two decantation and centrifugation
cycles.

Preparation of ferrogels
Two kinds of ferrogels were prepared in the present work, the
first, Ferro-IS, using an in situ method and the other, Ferro-CSNPs,
by addition of previously prepared CSNPs (as described above) in
the PVA matrix. The nominal weight of iron oxide NPs was kept
constant (6 wt%) with respect to the PVA weight, in both cases.

For comparison, samples of hydrogels without NPs were
prepared following the same methodology, without the addition
of iron salts or CSNPs.

Preparation of Ferro-IS
PVA aqueous solution (100 mL of 10 wt%) was added to a solution
containing a stoichoimetric ratio (2:1) of FeCl3.6H2O (1.44 g) and
FeSO4.7H2O (0.72 g) in acidic medium (to avoid oxidation of Fe(II))
at 85 ◦C with slow magnetic stirring (250–300 rpm) for 4 h. After
cooling to room temperature, NH3 was added until pH 10 was
reached, inducing basic co-precipitation of magnetic NPs. The
amount of Fe2+/Fe3+ solution was enough to obtain 6 wt% NPs
relative to the PVA nominal weight.

To obtain ferrogels, crosslinking was carried out on flat anti-
adherent moulds using 10 mL of the previous solution. The moulds
with the samples were frozen in a commercial freezer for 1 h at
−18 ◦C and then thawed at 25 ◦C (room temperature) for the same
time in order to induce crosslinking. This F-T cycle was repeated
three times. The film obtained was dried in an oven at 37 ◦C until
constant weight. This ferrogel was exhaustively characterized in
our previous work.12

Preparation of Ferro-CSNPs
A 10 wt% PVA aqueous solution was obtained by dissolving 0.5 g
PVA in 4.5 mL of distilled water at 85 ◦C for 3 h under low magnetic
stirring (250–300 rpm). Then, a proper amount (46.15 mg) of CSNPs
(dispersed in water) was added in order to obtain ferrogels with
6 wt% iron oxides, relative to the initial amount of PVA. This mixture
was stirred at 300 rpm for 1 h at 85 ◦C. The crosslinking procedure
was similar to that described above. These materials were dried in
an oven at 37 ◦C until constant weight.

Characterization
Fourier transform infrared (FTIR) spectroscopy
An FTIR (DRIFTS) Thermo Scientific Nicolet 6700 spectrometer was
used for recording 100 scans in the range 4000–400 cm−1 with a
resolution of 4 cm−1. This technique was employed to corroborate
the presence of polymeric moieties in the magnetite as well as to
confirm the adsorption of proteins on the magnetic supports.

Electron microscopies (SEM and TEM)
A scanning electron microscope (JEOL35-CF1983-Japan) and
transmission electron microscope (JEOL100-CX II-Japan, CRIBABB
–CCT, Bahı́a Blanca, Argentina) were employed to examine the
morphologies. In the case of SEM analysis, ferrogel samples were
swelled in distilled water, cryo-fractured in liquid nitrogen and
lyophilized before testing. For TEM, ferrogel samples were cryo-
fractured in a cryo-ultramicrotome before testing.

wileyonlinelibrary.com/journal/pi c© 2013 Society of Chemical Industry Polym Int (2013)



Fabrication of ferrogels with magnetic nanoparticles www.soci.org

UV−visible spectrophotometry
A UV − visible spectrophotometer Shimadzu 160 (Japan),
equipped with a computer system for data acquisition, was used
to quantify the adsorbed protein.

ζ potential and particle size measurements
A Malvern Zetasizer was employed to measure the ζ potential and
the hydrodynamic particle diameter. Dispersions of the magnetite
NPs, CSNPs and pure polymers were prepared in a mixture of
ethanol and bidistilled water 50/50 (pH approximately 7.6–8) to
measure ζ . The same dispersion as well as others prepared in
organic medium (acetone) were employed to measure particle
sizes.

Thermogravimetric analyses
TGA studies were carried out in a Shimadzu TGA-DTGA 50. All dried
samples (37 ◦C, until constant weight) were scanned from room
temperature to 900 ◦C at 10 ◦C min−1 in air. The iron oxide content
and the degradation temperature (Tp) were obtained from the
acquired curves. The iron oxide content is the result of the total
oxidation of the sample, determined as the residual weight at
900 ◦C.

Differential scanning calorimetry
DSC measurements were carried out in a Shimadzu DSC-50.
Samples were heated from room temperature to 250 ◦C at a rate of
10 ◦C min−1 in a nitrogen atmosphere. The melting temperature
(Tm) was taken from the DSC curve. The degree of crystallinity (Xcr)
was calculated from the equation

Xcr % = �H

wm�Hc
× 100 (1)

where �H was determined by integrating the area under the
melting peak over the range 190–240 ◦C, �Hc is the heat required
for melting a 100% crystalline PVA sample (138.6 J g−1)30 and wm

is the weight fraction of PVA (obtained from TGA).

Magnetic properties
The magnetic behaviour of the materials was qualitatively
examined in terms of their response to a permanent magnetic
field generated by Nd magnets.

Adsorption experiments
Batch adsorption experiments were performed in 10 mL vials
by adding 100 mg of each ferrogel cut in small pieces to
5 mL of bidistilled water containing the corresponding amount
of BSA. These vials were stirred in a thermostatic bath for
180 min at 37 ◦C (physiological temperature). The BSA adsorbed
on the solid supports was measured from the decrease of
protein concentration in the supernatant using UV − visible
spectrophotometry.31 This concentration was measured at
276 nm, which is the typical absorption wavelength of this
protein.32 A calibration curve of BSA is included in the Supporting
Information. The loading efficiency (LE%), which is the percentage
of adsorbed protein relative to the initial amount of BSA, was
calculated using

LE % = cBSA,i − cBSA,f

cBSA,i
× 100 (2)

where cBSA,i is the initial BSA concentration (before adsorption) and
cBSA,f is the final BSA concentration (after the incubation period).

The pH of the solution was the physiological pH (ca 7.4), although
additional studies were carried out near the isoelectric point of
BSA (ca 4.8).

Adsorption kinetics were studied following the previously
described procedure, using a fixed amount of BSA (30 mg) and
withdrawing 200 µL aliquots of adsorption supernatant at different
intervals of time. Each adsorption experiment was carried out in
triplicate and an average was calculated.

RESULTS AND DISCUSSION
Characterization of magnetic devices
Magnetic nanoparticles
The modification of NPs obtained by co-precipitation was
effectively achieved using CS as a coating. Figure 1 shows FTIR-
DRIFTS spectra of NPs of bare magnetite, CS and the CSNPs. The
signals assigned to the functional groups of biopolymer are present
in the CSNP spectrum, at around 1100, 1640 and 3400 cm–1, while
the typical band of Fe–O is also observed at 570 cm–1.33 These
spectra reveal that both magnetic and polymeric components
coexist in the CSNPs.

Dynamic light scattering (DLS) reveals that bare magnetite NPs
and CSNPs have significant differences in their hydrodynamic
diameter as displayed in Table 1. This could be a consequence of
CS incorporation on the magnetite particles. Iron oxide particles
only form a relatively stable dispersion in aqueous media at
pH ≈ 7.4. In contrast, dispersing magnetite NPs in an organic
medium (acetone) led to aggregates of various sizes increasing
the polydispersity, which inhibits the possibility of obtaining a
reliable value for hydrodynamic size.

It is clear from the data in Table 1 that the capability of NPs
to disperse in hydrophilic/hydrophobic media is also altered by
the polymer incorporation. It is worth noting that the evaluation
of hydrodynamic sizes in different media was strongly associated
with the future biomedical applications of these materials.

Particles containing CS are highly aggregated in water
dispersion, leading to hydrodynamic diameters higher than
1 µm. In contrast, the same particles dispersed well in organic
medium exhibiting lower aggregation levels. This is because of
the nature of the CS-Fe interaction (from magnetite [MAG]), where
it is evident that uncharged functional groups from CS remain

Figure 1. FTIR-DRIFTS spectra of magnetite NPs, pure CS and CSNPs.
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Table 1. Hydrodynamic diameter, polydispersity index (PDI) and ζ

of raw magnetite and CSNPs as a function of the dispersant medium

NPs Dispersant

Hydrodynamic

diameter

(nm) PDI ζ (mV)a

Magnetite Water 417 0.25 −8.48

Acetone b 0.50

CSNPs Water 1297 0.40 −2.49

Acetone 441 0.40

a Dispersions prepared in bidistilled water (pH 7.5).
b It does not meet the quality criteria. The sample was very polydisperse
with large amounts of aggregates.

(a)

(b)

Figure 2. (a) SEM and (b) TEM images of CSNPs.

exposed to the surface hindering their dispersion in a hydrophilic
medium (water). Hydrophobic moieties from the biopolymer
remain exposed, maintaining their affinity with non-polar solvents.

With regard to the surface charge, untreated magnetite NPs
present a negative surface charge in distilled water at pH ≈
7.4 (the conditions fixed for ζ measurement). The surface Fe
atoms from magnetite act as Lewis acids and therefore coordinate
with molecules that donate one pair of electrons (Lewis bases).34

Moreover, in aqueous solutions, Fe atoms coordinate with hydroxyl
groups (OH) from water leading to surface hydroxyl functionalized
iron oxide. In the conditions of ζ measurements, the magnetite
surface is negatively charged due to the OH deprotonation.35 The
incorporation of CS partially neutralizes this surface charge leading
to a slight increase in ζ .

Table 2. Thermal properties of gels

Sample Fe (%) Tp (◦C) Xcr (%) Tm (◦C)

Hydrogel 0 282.5 31.8 220.0

Ferro-IS 8.6 318.1 26.2 215.0

Ferro-CSNPs 10.7 336.6 56.5 229.5

Fe, iron oxide content; Tp, degradation temperature; Xcr, degree of
crystallinity; Tm, melting temperature.

The micrographs of CSNPs obtained by SEM and TEM reveal
that the particles are aggregated. Individual particles could be
distinguished, with a diameter in the range 50–100 nm (Fig. 2).
Moreover, TEM shows the magnetic core of CSNPs, which is smaller
than 10–20 nm. The particle size obtained by DLS is usually higher
than that corresponding to TEM. This could be attributed to
the agglomeration caused by magnetostatic interaction of the
magnetic particles.36

The magnetostatic interactions between particles is of the
magnetic dipole–dipole type , which causes their attraction to each
other and their agglomeration , even forming closed rings and long
open loops. As the diffusion coefficient of agglomerated particles
is lower than that of single particles, the diameter measured by
DLS is higher than that by TEM. No loop and ring structures are
observed in TEM; they are probably destroyed by evaporation of
the dispersant and the drying forces during sample preparation.37

Ferrogels
Both kinds of ferrogel film discs, with a diameter of 8 cm and
a thickness of 300 µm (mould size, measured with a caliper),

(a)

(b)

Figure 3. TEM images of (a) Ferro-IS and (b) Ferro-CSNPs.
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Figure 4. (a) Photograph of Ferro-CSNPs exposed to a high potency magnet; (b) dispersion of Ferro-CSNPs in bidistilled water (at physiological pH)
exposed to a high potency permanent magnet.

Figure 5. Adsorption kinetics of BSA on Ferro-IS.

were dried in an oven at 37 ◦C to constant weight and then
examined. Ferro-IS was exhaustively characterized in our previous
work.12

The thermal characteristics of the prepared hydrogels and
ferrogels are given in Table 2. These data show that Ferro-CSNPs
have better crystallization properties, higher crystallinity degree
and higher melting temperature than Ferro-IS and hydrogels (the
DSC and TGA curves are displayed in the Supporting Information).
These results may be assigned to the interaction of CSNPs with
PVA by hydrogen bonding through the carboxyl and /or amino
groups of the CS and OH groups of PVA.38 This interaction of
CSNPs with the PVA chains is strong and facilitates nucleation of
large crystals in the PVA matrix, explaining the high values of Xcr

and Tm for these nanocomposites.39,40 The shift of Ferro-CSNPs
to higher melting temperature than Ferro-IS further indicates the
strength of the interactions between the ferrogel components (CS
and PVA).41 In addition, the weight of iron oxide retained was
higher in Ferro-CSNPs, also due to the better interaction between
the PVA chains and the CS on the magnetite surface.

The TEM micrograph of Ferro-IS (Fig. 3(a)) shows a good
dispersion of magnetite NPs on the PVA matrix, with typical sizes
around 10 nm. The stabilization properties of PVA avoid initial
aggregation of crystals during co-precipitation.12 In the case of
Ferro-CSNPs, the TEM micrograph (Fig. 3(b)) shows a substantially
different morphology. A more heterogeneous distribution of
CSNPs is observed as well as the presence of porous regions.

The observed morphology could be ascribed to the different sizes
of CSNPs and the possibility of interactions of a different nature.

The magnetic properties of ferrogels were macroscopically
evaluated. The response of the formulated materials against a
permanent magnet is demonstrated in Fig. 4, which shows the
magnetic character of these materials in a qualitative way. The
magnetic behaviour of CSNPs and Ferro-IS was exhaustively
analysed in previous work.12,42 The Ferro-IS and CSNPs present
almost complete superparamagnetic behaviour at room temper-
ature, with very low values of coercivity (10 Oe for Ferro-IS and
less than 5 Oe for CSNPs) and saturation magnetization of roughly
60 emu g−1 for Ferro-IS and 40 emu g−1 for CSNPs.The Ferro-CSNP
SQUID assays are currently being continued .

Adsorption of BSA
Effect of the incubation time: adsorption kinetics
The adsorption kinetics of BSA were investigated at physiological
pH (7.4 − 7.8) with a feed concentration of 6000 mg BSA L−1

solution. The recorded data resulting from the immersion of Ferro-
IS samples in this solution are given in Fig. 5, which shows that the
concentration of BSA adsorbed per gram of ferrogel in incubation
remains almost constant after 180 min. Higher adsorption times
do not increase the amount of BSA linked to the ferrogels. This
experimental evidence led us to conclude that 180 min is the
equilibrium time during which BSA adsorption on ferrogels takes
place; consequently it was adopted in the following experimental
assays. These results agree with our previous work43 as well as
with other published work using different supports. For instance,
Xu et al. found that this time ensured the maximum amount of
protein adsorbed on porous polyethylene membranes.44

Effect of pH
Modification of the pH of the adsorption medium did not induce
significant changes in the maximum amount of BSA incorporated

Table 3. Percentage of adsorbed BSA after 180 min as a function of
pH

pH

Ferrogel

weight

(mg)

Initial

weight of

BSA (mg)

BSA/ferrogel

ratio (mg g−1)

BSA absorbed

(%)

4.0 102 30 146 ± 3 50

7.8 101 30 151 ± 5 51
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(a)

(b)

Figure 6. Adsorption profiles of BSA: (a) Ferro-IS; (b) Ferro-CSNPs.

on Ferro-IS, as demonstrated by the results included in Table 3.
Such data are expressed in terms of loading efficiency.

BSA is an amphoteric protein due to the presence of an NH2

and a COOH group in its molecular structure. It shows a different
net charge at different pH values. Its isoelectric point (pI) is 4.8,
suggesting that BSA has a positive charge below pI and negative
above it. The measured ζ of BSA at pH 7.8 was −18 mV (data not
shown) and is in accordance with available literature.45

From the data included in this section, the main interactions
between ferrogel and protein are not of an electrostatic nature,
which is in agreement with published papers. For instance, Sivudu
and Rhee46 studied BSA adsorption on acrylamide based gels
at different pH. They found maximum BSA adsorption levels at
neutral pH. A possible explanation is that the polymer network
swells more and the iron oxide is more available, which enhances
adsorption capability at pH 7.46 Furthermore, the possibility of BSA
interacting with available OH groups from PVA through hydrogen
bonding or van der Waals forces has been previously reported,
and that the pH of the medium defines the shape adopted by the
protein during adsorption. Thus BSA adsorption depends, not only
on the electrostatic and hydrophobic interactions, but also on the
conformational alteration of the protein molecules.47

Effect of the nature of the ferrogel
Results from the adsorption of BSA on Ferro-IS and Ferro-CSNPs are
displayed in Figs 6(a) and 6(b) respectively in terms of adsorption

(a)

(b)

Figure 7. SEM images of (a) Ferro-IS and (b) Ferro-CSNPs.

profiles. It is important to highlight that in this work the main aim
was to compare the performance of the prepared materials for
BSA adsorption. Therefore the adsorption profiles were evaluated
in place of adsorption isotherms. However, to show the difference,
the adsorption isotherm of Ferro-IS is included in the Supporting
Information.

The adsorption profiles using the two supports were found to
be markedly dissimilar. In the case of Ferro-IS, its profile yields a
plateau at about 228 mg of adsorbed BSA per gram of ferrogel that
corresponds to the maximum amount of protein adsorbed and the
saturation of the available sites for BSA incorporation, under the
experimental conditions selected in this work. Employing Ferro-
CSNPs the adsorption profile shows an almost linear growth of the
adsorbed BSA as a function of the initial amount of protein, in the
concentration range used. This means that the adsorption capacity
increases with increasing initial BSA concentration, reaching a
maximum of 400 mg of adsorbed BSA per gram of ferrogel.
Moreover, saturation of available ferrogel sites does not occur
under our experimental conditions. A similar behaviour has been
observed during adsorption of BSA onto magnetic CS NPs.48 Wang
et al. obtained a good linear relationship between the initial
concentration of protein and the amount adsorbed, expressed
as milligrams BSA per gram of support. Therefore the authors
proposed that the Freundlich model was the most suitable to
describe BSA adsorption onto magnetic CS particles.48
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Figure 8. Schematic representation of BSA interactions in different ferrogel environments.

Comparing the performance of the two supports in their
ability to bind the protein, it is observed that the adsorption
capability was enhanced by75% when Ferro-CSNP was used. This
behaviour can be explained in terms of the different kinds of
protein − support interactions and the available adsorption sites
in each case.49 Analysis by SEM demonstrated that completely
different morphologies are achieved using the two procedures to
obtain ferrogels. Figure 7 includes micrographs of (a) Ferro-IS and
(b) Ferro-CSNPs. From these figures it can be seen that although
both formulations are porous they differ drastically in their pore size
and distribution. The pore diameters for Ferro-CSNPs and Ferro-IS
were measured by Image Pro Plus software and the results were
7.8 ± 1.6 µm and 0.4 ± 0.15 µm respectively. In the case of Ferro-
CSNPs the pore size is almost an order of magnitude larger than
for Ferro-IS. According to the available literature, protein could be
linked to ferrogels by occupying the gel’s pores and interacting
with PVA chains.50 Thus it is clear that the structure of PVA ferrogel
plays a key role in the efficiency of protein adsorption, in agreement
with other authors.24,25 These studies involved fluorescent probes
and the use of a confocal scanning laser microscope during the
incorporation of BSA on PVA networks. They reported that most
of the protein resides in the water filled pores when incorporated
into the matrix. Therefore, the dissimilar behaviour of Ferro-IS

and Ferro-CSNPs could be attributed to the difference in the PVA
filled space.

Based on the available literature, another potential factor
influencing BSA adsorption is related to new interactions between
CS surface exposed moieties from CSNPs, in Ferro-CSNPs,
and protein.

The presence of biopolymer offers greater possibilities for
hydrogen bonding interactions due to the large amount of NH2

and OH groups in its networks. Hence functional groups on
CS could provide extra linkage sites for protein binding among
pores available in the gel structure. The excellent capability of
CS coated magnetic NPs to adsorb BSA has been reported in
the literature.43,48 The proposed ferrogel structures as well as
proposed BSA interactions with both ferrogels are illustrated
in Fig. 8.

CONCLUDING REMARKS
Two simple and low cost methods were employed to prepare PVA
based ferrogels. The method of incorporation and the nature of
the magnetic components play a key role in the final structure and
properties of the ferrogels. Such materials are demonstrated to be
highly suitable for adsorption of a model protein through a simple
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physical adsorption method. It was verified that the adsorption
capability is independent of the pH of the medium.

In addition, it was demonstrated that the mechanism of
adsorption is basically governed by the porous structure of the
ferrogel, which is substantially different in the two cases. Therefore
notably dissimilar BSA adsorption profiles were reached using
Ferro-IS and Ferro-CSNPs.

These preliminary results are very promising with regard to the
possibility of employing these systems not only as drug delivery
devices but also as biosensors, or even in the purification of
proteins.
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