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ABSTRACT: In recent past magnetic bionanocomposites
have shown potential in biomedical applications mainly
due to their superparamagnetic and biocompatible nature.
They have also established themselves as a promising
class of hybrid organic–inorganic materials derived from
polymers and organic/inorganic fillers. In this study bio-
compatible nanocomposites were prepared by in situ syn-
thesis of magnetic nanoparticles within the polyvinyl
alcohol-grafted-polymethyl methacrylate hydrogels and
characterized by techniques such as FT-IR, scanning elec-
tron microscopy, transmission electron microscopy, X-ray

diffraction, and differential scanning calorimetry. The
bionanocomposites were evaluated for water sorption
behavior and in vitro biocompatibility by performing
thrombus formation and hemolysis tests. The influence of
chemical composition of the grafted hydrogel was investi-
gated on water sorption behavior and in vitro blood com-
patibility of magnetic bionanocomposites. VC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 114: 3548–3560, 2009
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INTRODUCTION

Bionanocomposites form a fascinating interdiscipli-
nary area that brings together biology, material sci-
ence, and nanotechnology. New Bionanocomposites
are impacting diverse areas, in particular biomedical
science where these innovative materials have found
tremendous applications. The general goal in the
design and fabrication of all composites has been to
combine two or more different materials to produce
a single material that behaves as a homogenous en-
tity and has predictable and reproducible properties.
With appropriate design, composite combines the
best qualities of each component, producing a mate-
rial with properties that are superior to each compo-
nent. Generally, polymer nanocomposites are the
result of the combination of polymers and inor-
ganic/organic fillers at the nanometer scale. The
interaction between filler components of nanocom-
posites at nanodimension enables them to act as
molecular bridges in the polymer matrix. This is the
bases for enhanced mechanical (stiffness and tough-
ness), thermal (flammability resistance), biological,
magnetic, optical, electronic, and optoelectronic

properties as compared with the corresponding
inorganic or polymer component only.1–5

Nanostructured magnetic material are now being
extensively studied for high capacity magnetic stor-
age media, integrated circuits, color imaging, mag-
netic refrigerators, and used for a variety of biomed-
ical application.6 These applications include
myocardial tissue engineering7; cell labeling and
magnetic separation8–10; MRI contrast agents11,12

hyperthermia and thermal ablation13; gene therapy14

and site specific drug targeting; and controlled
release technology.15–18

Fe3O4 (magnetite) is a technologically important
biocompatible magnetic material that has a wide
spectrum of applications ranging from cell separa-
tion and drug delivery to hyperthermia. According
to Chang et al.,19,20 in vitro cytotoxicity test revealed
that the magnetite particles exhibited excellent bio-
compatibility. Below a critical size, nanocrystalline
magnetic particles may be a single domain and
show the unique phenomenon of superparamagnet-
ism.21 Superparamagnetism is an important mag-
netic property because it allows the nanoparticles to
be magnetized under the influence of a magnetic
field, but not to retain residual magnetism in its
absence.22–25

Thus, being motivated by the significant and
diversified applications of magnetic nanocomposites
in this work a new method has been proposed for
preparation of magnetic bionanocomposites that
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involves in situ synthesis of magnetic nanoparticles
within a hydrogel matrix prepared by graft copoly-
merization of methyl methacrylate (MMA) onto
polyvinyl alcohol (PVA). Hydrogels are versatile
materials composed of three dimensional structures
of macromolecular chains and owe unique biophysi-
cal properties such as high water content, low mod-
ulus and elasticity, softness, permeability to gases
like oxygen, low frictional resistance to surrounding
tissues, etc.26 All these properties enable them to
deserve as a promising candidate for biomedical and
pharmaceutical applications. For this reason this
study is also focused on the water sorption behavior
of polyvinyl alcohol-grafted-polymethyl methacry-
late (PVA-g-PMMA) hydrogel and evaluation of
in vitro biocompatibility of the synthesized magnetic
bionanocomposites.

Among various synthetic hydrophilic polymers
used in the preparation of hydrogel, poly(vinyl alco-
hol) has a prime position in biomedical science,
because of it’s inherent nontoxicity, noncarcinogenic-
ity, good biocompatibility, and desirable properties
such as a rubbery or elastic nature and a high
degree of swelling in aqueous solution. PVA hydro-
gels have gained wide biomedical applications in
articular cartilage replacement, as a pharmaceutical
release agent, reconstructive surgery, drug delivery,
etc.27

Polymethyl methacrylate (PMMA) has been
selected as another component for polymer-inor-
ganic composites because it has superior intrinsic
physio-chemical properties like higher softening
point and higher tensile strength as well as myriad
of uniqueness including optical clarity, biocompati-
bility, and dimensional stability. PMMA has also
been employed as a popular material for various
technological and biomedical applications.28,29 Some
of its biomedical applications include bone cement30

and cell labeling.31 PMMA has been widely
employed in targeted drug delivery systems, in
which the polymer encapsulated drugs are provided
protection from biomolecules inside the body before
reaching the target site.32

EXPERIMENTAL

Materials

PVA (98% hydrolyzed, soluble in hot water at 80�C,
mol wt ca. 14,000), was obtained from E. Merck,
India, and used without any pretreatment. Mono-
mer, MMA was obtained from Sigma Aldrich Co.
and washed thrice in 5% NaOH, 5% H2SO4, and
bidistilled water, respectively and freed from the
inhibitor by distilling it under vacuum. N, N’-meth-
ylenebisacrylamide (MBA) (Research Lab Mumbai,
India) was used as a crosslinking agent while potas-

sium persulphate (Loba Chemie, India) and potas-
sium metabisulphite (Qualigens Fine Chemicals,
Mumbai, India) were used as initiator and activator,
respectively. FeCl2�4H2O and FeCl3�6H2O salts were
obtained from Merck (India) and used as received.
Bidistilled water was used throughout the
experiments.

Methods

Preparation of iron oxide nanoparticles

For synthesis of iron oxide nanoparticles the solution
of Fe ions was prepared from FeCl2�4H2O and
FeCl3�6H2O salts (Fe2þ/Fe3þ ¼ 0.5) in acidic condi-
tion by continuous stirring the solution for 0.5 h
under nitrogen atmosphere and at room temperature
as per the modified method reported in litera-
ture.33,34 A solution of NH4OH/NaOH was added
dropwise into the solution of Fe ions to precipitate
nanoparticles of iron oxide according to the reaction
given below:

2FeCl3 þ FeCl2 þ 8NH4OH ! Fe3O4 þ 8NH4C1

þ 4H2O

The precipitated iron oxide nanoparticles were
filtered and repeatedly washed with distilled water.
The washed and dried nanoparticles were stored in
air tight containers.

Preparation of grafted hydrogel

The hydrogel was prepared by a redox polymeriza-
tion method as reported in earlier publication.35 In
brief, known amounts of PVA, purified monomer
MMA and crosslinker (MBA) were taken in aqueous
medium and precalculated amounts of redox system
comprising of persulphate and metabisulphite were
added into the reaction mixture in one shot to initi-
ate graft copolymerization. The reaction mixture was
taken in a rectangular glass mould (8 cm � 10 cm)
and kept for 24 h at 35�C so that the whole fluid
converted into a semitransparent thin film. The
thickness of the gel was found to be 0.048 cm for
PVA variation, 0.047 cm for MMA variation and
0.053 cm for MBA variation, respectively. The
scheme of graft copolymerization may be described
as below:

S2O
2�
5 þH2O ! 2HSO�

3

HSO�
3 ! HþSO2�

3

SO2�
3 þ S2O

2�
8 ! SO2�

4 þ SO
R�

��
4 þ SO

R�
�
3
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Purification of hydrogel

The thin film prepared as above was allowed to
swell in bidistilled water till equilibrium so that the
unreacted chemicals including salts leached out, and
the gel becomes free of any unreacted impurities.
The fully swollen gel was dried at room tempera-
ture, and the film was cut into small rectangular
pieces (1 cm � 1 cm) and stored in airtight
polyethylene bags.

Swelling experiments

The extent of swelling of grafted hydrogel was
determined by a conventional gravimetric procedure
as reported in literature.36 In a typical experiment,
preweighed pieces of hydrogel (without iron oxide)
were allowed to swell in distilled water for 24 h (up
to equilibrium swelling). Thereafter, the pieces were
taken out from the water and gently pressed in-
between the two filter papers to remove excess of
water and finally weighed using a sensitive balance
(APX–203 Denver, Germany). The swelling ratio was
determined by the following eq. (1),

Swelling ratioðSrÞ ¼ Weight of swollen gel

Weight of dry gel
¼ ðWsÞ

ðWdÞ
(1)

The amount of water imbibed by the sample pro-
vides information about the hydrophilic nature of
the material, which is essentially a criterion for
biocompatibility.
To determine the nature of the mechanism of

transport of water molecules within the gel and
evaluate their diffusion coefficient, the following
equations were used37:

Wt

W1
¼ k tn (2)

Wt

W1 ¼ 4
D t

p L2

� �0:5

(3)

where Wt and W1 are the water intakes at time t
and at equilibrium, respectively, k is the swelling
rate front factor, n is the swelling exponent, D is the
diffusion constant and L is the thickness of the dry
gel. The values have been calculated for various
compositions of the gel and are summarized in
Table I.

Penetration velocity measurements

The penetration velocity for each composition was
determined by the weight-gain method as described
by Peppas and Franson.38 The values of penetration
velocities were calculated from the slope of the ini-
tial portion of the penetrant uptake curve using the
following eq. (4);

V ¼ dWg

dt

� �
� 1

q

� �
� 1

2A

� �
(4)

TABLE I
Data Showing the Kinetic Parameters for the Water Sorption Process

S. No
PVA/MMA wt

(g)% ratio
MBA
(mmol)

Penetration velocity
(V � 105 cm/sec)

Diffusion constant
(D � 108 cm2/sec) n Mechanism

1 0.71 0.06 0.91 7.1 0.62 Anomalous
2 1.07 0.06 0.93 7.9 0.58 Anomalous
3 1.60 0.06 0.70 6.8 0.71 Anomalous
4 2.13 0.06 1.16 7.7 0.63 Anomalous
5 2.67 0.06 1.20 8.3 0.65 Anomalous
6 3.2 0.06 1.10 7.4 0.78 Anomalous
7 4.28 0.06 1.42 8.2 0.56. Anomalous
8 2.13 0.00 1.39 10.3 0.75 Anomalous
9 2.13 0.19 0.59 6.7 0.64 Anomalous

10 2.13 0.26 0.37 6.0 0.63 Anomalous
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where V is the penetration velocity, dWg/dt is slope
of the weight-gain versus time curve p the density of
water, A is the area of one face of the disc, and the
factor 2 accounts for the fact that penetration takes
place through both the faces. The penetration veloc-
ities calculated for various compositions of hydro-
gels are summarized in Table I.

Impregnation of ion oxide into the gel

The dried and purified gels were placed in an
equimolar aqueous solution of mixture of ferrous
(0.5 M) and ferric salts (0.6 M) and allowed to
swell for 24 h so that both ferrous and ferric ions
were entrapped into the polymer matrices. Before
putting them in salt solutions a dry stream of N2

was flushed for at least 1 h. The swollen gels were
taken out and washed by mildly shaking them in
distill water so that surface of gel was properly
washed and freed from unreacted salts and chemi-
cals. It is worth mentioning here that as the gel is
already swollen, the possibility of expulsion of salts
from the gel may be ruled out. The gel was dried
at room temperature for 72 h and dried gels were
then put into alkaline solution (10% NaOH or
NH4OH) for 24 h so that ferrous and ferric ions get
precipitated within the polymer matrix and forma-
tion of magnetite is obtained. The formation of
magnetite is confirmed by the change in color of
the gel which turns from red to dark red-brown.
Figure 1(a,b), depict physical appearance of the
native grafted and iron oxide impregnated hydro-
gels which also confirm the formation of iron
oxides within the polymer gel matrix. As evident
from the photographs, the native hydrogel is white
and semitransparent in color, whereas the impreg-
nated hydrogel appears dark red brown in color,

which could be attributed to the formation of iron
oxide within the matrix. The prepared iron oxide-
polymer nanocomposites were washed, dried at
room temperature for a week, and stored in airtight
polyethylene bags.
The percentage impregnation of iron oxide into

the gel was calculated by the following eq. (5):

½%� Impregnation of iron oxide

¼ fWimpregnated �Wdryg
Wdry

� 100 ð5Þ

where Wimpregnated is the weight of dry impregnated
gel and Wdry is the initial weight of hydrogel.

Characterization of nanocomposites

The prepared nanocomposites were characterized by
the following methods as discussed below.
FT-IR. To provide an evidence for grafting of
PMMA chains onto PVA backbone and impregna-
tion of magnetite into the grafted hydrogel matrix,
FTIR spectra of native PVA and iron oxide impreg-
nated hydrogels were recorded from 4000 to 400
cm�1 using an FTIR-8400S, Shimadzu spectropho-
tometer. The prepared films were directly mounted
on spectrophotometer.
Electron microscopy study. The morphological fea-
tures of the nanocomposites and iron oxide par-
ticles were investigated by recording scanning elec-
tron micrographs (STEREO SCAN, 430, Lecica,
SEM) of the nanocomposites and transmission elec-
tron micrographs (Hitachi Hu-11 B) of the iron ox-
ide particles.
X-ray diffraction. The X-ray diffraction studies of the
nanocomposites were carried out on Rigaku Rotting
anode mode Ru-H3R (18 KW), X-ray powder diffrac-
tometer. The diffraction data were collected from 10
to 70�, 2� y values with a step size of 0.02� and
counting time of 2 s step�1 using a wavelength of
1.54 Å. The average crystallite size of iron oxide
particles were estimated using Scherrer’s formula.
Differential scanning calorimetry. The thermal proper-
ties of the nanocomposites were studied by con-
structing their differential scanning thermograms on
a TA instrument DSC-2C (Perkins–Elmer, Inc.) under
inert atmosphere taking nitrogen as purging gas.
The experiments were performed from room tem-
perature to 400�C at a heating rate of 10�C/min. The
sample weights were in the range of 7–10 mg.
Magnetization studies using VSM. Vibrating sample
magnetometer (Oxford, VSM) was used to evalu-
ate magnetic moments of both the prepared iron
oxide nanoparticles and nanocomposites at room
temperature as a function of the applied magnetic
field.

Figure 1 Physical appearance of (a) PVA-g-PMMA
hydrogel and (b) iron oxide impregnated PVA-g-PMMA
hydrogel of definite composition: [PVA/MMA (wt %) ¼
2.13] [MBA] ¼ 0.06 mM.
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Blood compatibility studies

The in vitro blood compatibility of the prepared
nanocomposites was determined by the methods
described as below:
Thrombus formation tests. The antithrombogenicity of
the composite surface was judged by the blood-
thrombus formation test, as described elsewhere.39

In brief, the specimens were equilibrated with saline
water (0.9% w/v NaCl) at 37�C for 24 h. in a con-
stant temperature bath. To these swollen samples
was added ACD blood (0.5 mL) followed by the
addition of CaCl2 solution (0.03 mL of 4 mol L�1) to
start the thrombus formation. Adding of deionized
water (4.0 mL) stopped the reaction and the throm-
bus formed was separated by soaking in water for
10 min at room temperature and then fixed in 36%
formaldehyde solution (2.0 mL) for another 10 min.
The fixed thrombus was removed with the help of a
brush by gently scratching the clot from the hydro-
gel surface. The removed thrombus was placed in
water for 10 min and, after drying, its weight was
recorded. The same procedures were repeated for
glass surface, blood bags, and the composites of
varying compositions and respective weights of
thrombus formed were recorded.
% Haemolysis tests. Haemolysis experiments were
performed on the surfaces of prepared gels as
described elsewhere.39 In a typical experiment, a dry
composite piece (4 cm2) was equilibrated in normal
saline water (0.9% w/v NaCl) at 37�C for 24 h and
human ACD blood (0.25 mL) was added into the
gels. After 20 min, 2.0 mL of 0.9% sodium chloride
(saline water), was added to each sample to stop
haemolysis, and the samples were incubated at 37�C
for 60 min. Positive and negative controls were

obtained by adding 0.25 mL of human ACD blood
and 0.9% NaCl solution, respectively to 2.0 mL of
bidistilled water. Incubated samples were centri-
fuged for 45 min, the supernatant was taken, and its
absorbance was recorded on a spectrophotometer
(Systronics Model No. 106, India) at 545 nm. The
percentage haemolysis was calculated using the
following relationship:

ð%Þ Hacmolysis ¼ Atest�sample � Að�Þcontrol
AðþÞcontrol � Að�Þcontrol

� 100 (6)

where A is absorbance. The absorbance of positive
and negative controls was found to be 1.26 and
0.004, respectively.

RESULTS AND DISCUSSION

Water sorption studies

Effect of PVA/MMA ratio

Among various structural factors influencing water
sorption capacity of a polymer hydrogel, the ratio of
hydrophilicity to hydrophobicity plays a key role in
determining swelling characteristics of the hydrogel
matrix. In this study, the prepared matrix is com-
posed mainly of PVA and PMMA, which are known
hydrophilic and hydrophobic polymers, respectively,
and their relative amounts in the gel are expected to
affect extent of swelling of the hydrogels signifi-
cantly. To study the impact of hydrophilicity/hydro-
phobicity ratio on water sorption capacity of the
hydrogel the weight % ratio (g/g) was varied in the
range 0.71–4.28 and equilibrium water sorption (i.e.,
swelling ratio after 24 h) was recorded. The results
are shown in Figure 2 which clearly reveals that the
equilibrium swelling ratio increases with increasing
% weight ratio from 0.71 to 2.13, whereas beyond it
a fall in equilibrium swelling was noticed. The
observed results may be explained as below:
Since PVA is a hydrophilic polymer its increasing

weight % in the gel in the range 0.71–2.13 results in
an enhanced hydrophilicity of the matrix, which
leads to more and more sorption of water. In a simi-
lar way the decreasing wt % of MMA, a hydrophilic
component, in the hydrogel will also result in
greater swelling of the hydrogel.
The decrease observed, however, beyond wt %

2.13 of PVA may be explained by the fact that with
much greater increase in wt % of PVA its chains are
held to one another via hydrogen bonds of their OH
groups and may result in a more crosslinked and
compact structure of the hydrogel through meshes
of which the penetration of water molecules gets
restrained and, as a consequence, the equilibrium
swelling decreases. It is also likely that due to

Figure 2 Effect of PVA/MMA wt % Ratio on the equilib-
rium swelling ratio of the hydrogel of definite composi-
tion: [MBA] ¼ 0.06 mM.
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hydrogen bonding the chains of PVA lose their
mobility results in a fact in the water sorption
capacity of the gel. Similar types of results have also
been reported elsewhere.40

Effect of MBA

The effect of crosslinker on the degree of water sorp-
tion has been investigated by employing different
amounts of cross linking agent (MBA) in the range
0.00–0.26 mM. The results are shown in Figure 3
which clearly reveal that the swelling ratio con-
stantly decreases with increasing crosslinker concen-
tration. The observed fall in swelling ratio is quite
obvious because with increasing crosslinker concen-
tration the crosslink density increases to an appreci-
able extent and does not favor penetration of water
molecules into the network and, therefore, the
swelling of hydrogel decreases.

It is notable here that although the hydrogel with-
out crosslinker shows optimum swelling ratio, how-
ever, it does not dissolve during swelling which was
further confirmed by monitoring the weights of dry
hydrogels after repeating several swelling–deswel-
ling cycles. The aquatic stability of the hydrogel may
be attributed to the fact that hydrophobic PMMA
chains grafted onto PVA molecules render it almost
insoluble in aqueous media. Some authors41 have
reported an increase in the Tg of the polymer with
increasing concentration of crosslinker. This also
results in a restrained mobility of network chains
and therefore, slows down the swelling.

Effect of pH

In this investigation the effect of pH has been inves-
tigated in the range 1.4–11.2, and the results are
depicted in Figure 4. It is clear from the Figure that
the equilibrium swelling increases with increasing
pH of the swelling medium and attains an optimum

swelling at neutral pH. However, after increasing
the pH in alkaline range the swelling ratio decreases.
The results may be explained as below:
According to Flory’s theory of swelling of net-

work42 apart from other structural factors degree of
swelling is also determined by the concentration dif-
ference of ions present inside (C

g
i ) and outside (Cs

i )
the network. This difference results in an ion
osmotic pressure (

Q
ion) given by the following

equation.

Y
ion ¼ RT

X
ðCg

i � Cs
i Þ (7)

It is clear from the above equation that larger the
difference in concentration, greater would be the os-
motic pressure and, therefore, the swelling ratio. In
this work, however, since the hydrogel is nonionic
in nature, the swelling will be dependent on the

Figure 4 Effect of pH on the swelling ratio of the hydro-
gel of definite composition: [PVA/MMA (wt %) ¼ 2.13],
[MBA] ¼ 0.06 mM.

Figure 3 Effect of varying amounts of MBA on the swel-
ling ratio of the hydrogel of definite composition: [PVA/
MMA (wt %) ¼ 2.13].

Figure 5 Effect of temperature on the swelling ratio of
the hydrogel of definite composition: [PVA/MMA (wt %)
¼ 2.13], [MBA] ¼ 0.06 mM.
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concentration of ions (Cs
i ) outside the solution. Thus,

greater the value of Cs
i , smaller will be the swelling

of the hydrogel.
In this work when the pH is 1.4, the concentration

of Hþ and CI� ions is quite large and, therefore,Q
ion will be small and swelling will be low. How-

ever, when the pH is raised from 1.4 to 7.4 by addi-
tion of NaOH, the concentration of Hþ ions
decreases and as a consequence, the swelling
increases up to optimum at neutral pH. However,
beyond pH 7.0, when the pH is raised further in
alkaline range by addition of NaOH, the concentra-
tion of OH- and Naþ ions increases which again
lower the swelling ratio to a minimum.

Effect of temperature

In this study, the effect of temperature on the
degree of water sorption has been investigated by
carrying out water sorption experiments in the
range 10–50�C. The change in temperature of swel-
ling medium controls the diffusion of water mole-
cules into the gel, segmental mobility of the net-
work chains, and water-polymer interactions. The
results are presented in Figure 5 which reveals that
the swelling ratio initially increases up to 27�C,
whereas beyond it, a decrease is observed. Thus, a
maximum swelling is attained at 27�C. The
observed results may be explained by the fact that
on increasing temperature the mobility of macro-
molecular chains of the network also increases,
which permits greater number of water molecules
to enter into the network. However, there is a
decrease in swelling ratio with increases tempera-
ture beyond 27�C, and this may be due to the
breaking of the hydrogen bonds between the water
molecules and network chains.

FTIR spectra

The FTIR spectra of native PVA and prepared iron
oxide impregnated hydrogels of a definite composi-
tion are depicted in Figure 6(a,b), respectively .The
spectra (b) clearly reveals that the iron oxide impreg-
nated gel presents combined spectral features of var-
ious functional groups of PVA and PMMA. More-
over, some characteristic bonds of iron oxide are
also present.
Figure 6(b), represents the FTIR spectra of iron ox-

ide impregnated PVA-g-PMMA gel film, as evident
from the peaks observed at 3487 and 3526 cm�1

(typical of hydrogen bonded (bridged) OAH

Figure 6 FTIR spectra of (a) native PVA (b) iron oxide
impregnated gel of definite composition: [PVA/MMA (wt
%) ¼ 2.13], [MBA] ¼ 0.06 mM.

Figure 7 SEM image of (a) iron oxide impregnated gel of
definite composition: [PVA/MMA (wt %) ¼ 2.13], [MBA]
¼ 0.06 mM and (b) TEM image of iron oxide
nanoparticles.
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stretching vibrations of alcoholic OH and bound
water), 2999 cm�1 (from CAH stretching of CH,
CH2, and CH3 groups), 1157 and 1342 cm�1 (from
twisting and wagging vibrations of methylene
group, 1479 cm�1 (due to SP3 CAH bending) 1111
cm�1 (due to CAO stretching of alcohol).

The characteristic peaks in Figure 6(b), appearing
at 1741 cm�1, 1654 cm�1, and 1214 cm�1 indicate the
presence of stretching vibrations of the C¼¼O ester
group , C¼¼C group and asymmetric coupled vibra-
tions of CAC(¼¼O)AO group of PMMA respectively,
which also confirm the grafting of PMMA onto
PVA.

The presence of iron oxide in the hydrogel is evi-
dent from the absorption bands appeared in the
region between 450 and 480 cm�1, and they may be
assigned to Fe-O bonds of magnetite.43 The peaks at
521, 761, and 862 cm�1 may also be due to the iron
oxide lattice deformation44 and OH groups bound to
the surface of the Fe3O4 nanoparticles. The spectra
also show a peak at 581 cm�1, characteristic of mag-
netite,45 and thus indicate the presence of magnetite
particles in the polymer matrix.

Electron microscopy

The morphological features of the prepared impreg-
nated gels have been investigated by SEM and trans-

mission electron microscopy (TEM) analysis of iron
oxide particles are shown in Figure 7(a,b),
respectively.

Scanning electron microscopy

A close examination of the micrograph of iron oxide
impregnated polymer matrix in Figure 7(a), shows a
homogeneous and even surface morphology. The
impregnated iron oxide particles exhibit uniform
size of nanometer dimensions.

Transmission electron microscopy

To examine size of the iron oxide particles at nano-
scale level TEM studies were performed. The TEM
image shown in Figure 7(b), reveals that an average
size of the nanoparticles are about 9.52 nm and
shape of the particles is also uniform.

X- ray diffraction

To study the crystallographic nature of iron oxide
nanoparticles and nanocomposite the XRD analysis
was performed and XRD spectra are shown in Fig-
ure 8(a,b), respectively. The spectral patterns for iron
oxide particles shown in Figure 8(a), indicate the
characteristic peaks at 18.2�, 30.0�, 35.4�, 43.1�, 53.3�,
57.0�. The interplaner distances using Bragg’s equa-
tion were calculated to be 4.875, 2.979, 2.536, 2.099,
1.719, and 1.615 Å, respectively. The well defined x-
ray diffraction patterns indicate the formation of
highly crystalline iron oxide nanoparticles. The
results also indicate that the prepared nanoparticles

Figure 8 XRD spectra of (a) iron oxide nanoparticles and
(b) iron oxide impregnated gel of definite composition:
[PVA/MMA (wt %) ¼ 2.13], [MBA] ¼ 0.06 mM.

Figure 9 DSC thermograms of (a) native (PVA-g-MMA)
gel and (b) iron oxide impregnated gel of definite compo-
sition: [PVA/MMA (wt %) ¼ 2.13], [MBA] ¼ 0.06 mM.
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are pure magnetite with an inverse cubic spinal
structure, which are identical to the standard XRD
patterns of Fe3O4.

46 X-ray diffraction patterns of the
nanocomposite film shown in Figure 8(b), indicate
the characteristic peaks for poly(vinyl alcohol) and
iron oxide at a 2y values of 19.5 and 35.4 with their
interplanner distances 4.554 and 2.536 Å, respec-
tively. PVA is known to be of semicrystalline na-
ture and shows a single broad peak at 19.5Å. The
XRD spectra shown in Figure 8(b), depict an extra
peak at 35.4�, thus, suggesting for characteristic
peak of iron oxide. This obviously indicates the for-
mation of iron oxide (magnetite) within the poly-
mer matrix.

It is also clear from the Figure 8(a,b), that the
spectral intensity of the diffraction peaks of iron ox-
ide in the composite is smaller as compared with
that of the bulk nanoparticles due to the concentra-
tion of nanoparticles is much smaller in the
composite.

The mean grain size was calculated using Debye-
Scherrer formula47 as shown in eq. (8):

d ¼ Kk
b cos h

(8)

where d is mean grain size, k is the shape factor
(0.9), b is broadening of the diffraction angle and k
is diffraction wavelength (1.54 Å).

From, XRD spectra the crystallite size of iron
oxide nanoparticles has been estimated to be 8.3 nm,
which is in close agreement with the value of
9.52 nm calculated from TEM image.

Differential scanning calorimetry

PVA is known to be a semicrystalline polymer in
which high physical interaction between the poly-
mer chains arise due to hydrogen bonding between
the hydroxyl groups.48 The interaction of another
polymer with PVA either as a grafted chain or
through a crosslinker significantly alters the thermal
properties of the native polymer.49 The thermograms
of native and iron oxide impregnated gels are
depicted in Figure 9(a,b), respectively which may be
explained as below:
The curve 9 (a) shows a very minor transition at

onset temperature 46.7�C which could be assigned
to glass temperature (Tg) of PVA. The obtained value
is lower than the reported values of 85�C for 98–99%
hydrolyzed PVA and 58�C for 87–89% hydrolyzed
PVA50 and may be attributed to the reason that the
bulky PMMA chains could be grafted onto PVA
backbone molecules, thus enhancing their flexibility.
This obviously results in a fall in the Tg of PVA
based matrix. The curve 9 (a) shows a major endo-
therm at 222�C which may be attributed to melting
of pendent groups of PVA chains. A high enthalpy
of 46.9 J/g represents highly crystalline nature of the
matrix. The Figure 9(a), also shows two major endo-
therm at 286 and 356�C, which may be assigned to
degradation of PVA and PMMA chains,
respectively.
The impregnation of iron oxide seems to have

brought a significant change in thermal behavior of
the gel as evident from the thermogram shown in
Figure 9(b).It is clear from the curve that a minor
endotherm is obtained at 137�C, which could

Figure 10 Magnetization versus applied field curves (a) and (b) for magnetic nanoparticles and magnetic nanocompo-
sites at 300 K of definite composition: [PVA/MMA (wt %) ¼ 2.13], [MBA] ¼ 0.06 mM.
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probably be due to the glass transition temperature
of PVA. The obtained Tg of PVA is quite higher than
the reported values and may be explained by the
fact that incorporation of iron oxide nanoparticles
into the polymer matrix enhances the rigidity of
macromolecular chains which in turn increases the
value of Tg. The thermograms also depict an endo-
therm at 227�C, which represents melting of pendent
groups of PVA. Another much prominent endo-
therm with significantly higher value of enthalpy of
250 J/g is seen at 274�C and may be attributed to
the melting of backbone of PVA. The large peak
area represents highly crystalline nature of the nano-
composite, which is obviously due to the impregna-
tion of iron oxide nanoparticles into the matrix. It is
to be noted in the thermograms that no glass transi-
tion appears for PMMA up to 400�C, and this may
be explained by the fact that inclusion of iron oxide
particles might have increased the rigidity of PMMA
chains which, therefore, may undergoes transition at
much higher temperature.

Magnetization studies

Magnetic properties of a nanocomposite material are
of great significance as their magnitude eventually
determines the nature of application where the com-
posite material has to be used in. Thus, realizing the
need to explore the nature of magnetic behavior of
the prepared nanocomposites, variation in magnetic
moments of prepared iron oxide nanoparticles, and
their polymer composites was investigated as a func-
tion of varying magnetic field in the range—60–60
kOe. The results are shown in Figure 10(a,b), which
represent M-H plots for bulk nanoparticles (a) and
nanocomposites (b), respectively.

Figure 10(a), shows a typical magnetization (M)
versus the applied magnetic field (H) plot. The satu-

ration magnetization of the synthetic magnetic par-
ticles was found to be equal to 55 emu/g at 300 K.
The values obtained are lower than the reported val-
ues of 92–100 emu/g for magnetite (Fe3O4) nanopar-
ticles51 and may be attributed to the fact that below
a critical size, nanocrystalline magnetic particles may
be a single domain and show the unique phenom-
enon of superparamagnetism.52 The reason for this
behavior may be that thermal effects, although not
strong enough to overcome the forces between indi-
vidual atoms, are strong enough to change the mag-
netization direction of the entire particle, which
results in a random arrangement of magnetic direc-
tions among crystallites, thus giving a magnetic
moment of zero.
Similar type of results is found when magnetite-

polymer nanocomposites are investigated for M-H
studies. The magnetization curves were constructed
by measuring the magnetic moment with increas-
ingly applied magnetic field varying in the range
�60 to 60 kOe as shown in Figure 10(b). The results
clearly reveal that saturation magnetization is not
attained even up to 60 kOe. The plot, however, indi-
cates a zero remnant magnetization and coercivity
thus suggesting the superparamagnetic behavior of
nanocomposites. The magnetization values, however,
are significantly lower values, which is quite
obvious also as diamagnetic nature of polymer ma-
trix lowers the magnetization values. It is worth
mentioning here that the observed remnance and
zero coercivity clearly imply that in situ formation of
magnetic nanoparticles within the polymer matrix
produces much smaller sized particles which could
also be a reason for lower magnetization values of
the nanocomposite materials and may be attributed

Figure 11 Effect of varying amounts of PVA on the swel-
ling ratio of the hydrogel of definite composition: [MBA]
¼ 0 .06 mM.

Figure 12 Effect of varying amounts of MMA on the
swelling ratio of the hydrogel of definite composition:
[MBA] ¼ 0.06 mM.
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to the fact that below a critical size, nanocrystalline
magnetic particles may be single domain and show
the unique phenomenon of superparamagnetism.

Analysis of kinetic sorption data

To evaluate the kinetic constants of water sorption
process swelling ratio versus time plots of PVA,
MMA, and MBA (Figs. 11, 12, and 3) were utilized
and values of n, D, and V were calculated in accord-
ance with the eqs. (2), (3), and (4), respectively. The
calculated kinetic constants have been summarized
in Table I.

The phenomenon of water sorption mechanisti-
cally depends on the diffusion of water molecules
into the polymer matrix and subsequent relaxation
of macromolecular chains of the three dimensional
network. These two dynamic processes determine
nature of the water transport mechanism whether
the swelling process is fickian or nonfickian. It is
clear from the data presented in Table I that varia-
tion in the composition of the hydrogel does not
significantly affect the value of n. In all the cases,
the swelling exponent n is found in the nonfickian
region thus suggesting an anomalous water trans-
port process. The observed results could be attrib-
uted to the fact that because of the grafting of
PMMA chains onto the PVA, the macromolecular
matrix results in a loose structure with wide pores
and adequate chain flexibility. Thus, the relative
rates of diffusion of water molecules and network
chains relaxation become almost identical and this
gives rise to an anomalous (Rdiff � Rrelax) type of
water sorption mechanism.

Blood compatibility studies

The prepared iron oxide-polymer nanocomposites
have been investigated for in vitro blood compatibil-
ity by carrying out blood clot formation and present

haemolysis tests as described in the experimental
section. The results are summarized in Table II
which shows the influence of chemical composition
of the nanocomposites on blood compatibility pa-
rameters. The results may be discussed as below:
When the weight % ratio (w/w) of PVA/MMA

varies in the matrix from 0.71 to 4.28 an optimum
antithrombogenity is noticed for 2.13 wt. ratio
whereas for nanocomposites with lower and higher
amounts of PVA content, both the amount of blood
clot and percent haemolysis are quite higher. The
reason for the observed results could be that for
lower (0.71 and 1.07) and higher (2.67 and 3.2) wt %
ratio of PVA, both the polymer components, i.e.,
hydrophilic PVA and hydrophobic PMMA may not
be fully physically compatible to produce a homoge-
nous matrix. Thus, due to chemical inhomogeniety
of the nanocomposite its surface may not respond
favorably to contacting blood and relatively higher
amounts of blood clots and percent haemolysis are
obtained.
In the case of variation of crosslinker (MBA) in the

range 0.00–0.26 mM, it is found that both the % hae-
molysis and weight of blood clot increase signifi-
cantly. The results may be attributed to the fact that
being hydrophilic in nature the increasing concentra-
tion of crosslinker tends to enhance hydrophobicity
of the nanocomposite which, in turn, results in
increase thrombogenity as evident from the
observed higher values of % haemolysis and weight
of blood clot.
It is also evident from the data that the nanocom-

posites with greater % impregnation of iron oxide
exhibit greater blood compatibility which may be
due to the blood compatible nature of iron oxide.

CONCLUSIONS

Redox polymerization of MMA in the presence of
PVA results in a polymer matrix of adequate

TABLE II
Data Showing the Effect of Composition of the Hydrogel on in vitro Blood Compatibility Parameters

S. No
PVA/MMA wt (g)

% ratio MBA (mmol) % Haemolysis
Clot formation

(mg) % Impregnation

1 0.71 0.06 49.8 3.9 5.71
2 1.07 0.06 46.7 1.5 7.14
3 1.6 0.06 35.4 1.9 10.0
4 2.13 0.06 25 1.2 11.4
5 2.67 0.06 31.5 4.7 7.14
6 3.2 0.06 52 4.9 5.71
7 4.28 0.06 54.3 6.8 5.42
8 2.13 0.00 42.6 1.0 10.0
9 2.13 0.19 45.5 1.3 7.14

10 2.13 0.26 55.5 8.5 5.71
11 Glass surface – 32.6 30.0 –
12 PVC (blood bag) – 13.75 1.0 –
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hydrophilicity and mechanical strength. The matrix
functions as an ideal medium for homogenous
in situ precipitation of magnetite nanoparticles,
which is further confirmed by FTIR.

The water sorption property of a native hydrogel
is greatly determined by the chemical composition
of the matrix. When % wt ratio of PVA/MMA
increases in the range 0.71–4.28, the swelling ratio
increases up to 2.13 while thereafter a fall is noticed.
However, with increasing crosslinker MBA (up to
0.26 mM) the extent of water sorption constantly
decreases. The degree of water sorption also varies
with varying pH and temperature of the swelling
bath. It is found that as neutral pH (7.0) and moder-
ate temperature (27�C) the swelling becomes
optimum. The water sorption process also follows
non-fickian type transport mechanism.

The SEM suggests that the surface of the iron
oxide impregnated polymer matrix has a homo-
geneous and even morphology. The nanocomposite
contains magnetite particles having nanolevel
dimension. The TEM of the nanoparticles suggests
for an average size of 9.52 nm of the magnetite
nanoparticles.

The XRD analysis of bulk magnetite nanoparticles
and nanocomposite reveal that the former are more
crystalline in nature and their incorporation into the
polymer matrix brings about a fall in the overall crys-
tallinity. The size of the nanoparticles calculated by
Debye-Scherrer equation has been found to be 8.3 nm,
which agrees very well with that estimated by TEM.

The DSC measurements of both the native and the
iron oxide-impregnated hydrogels indicate that
inclusion of magnetite particles into the polymer ma-
trix results in an enhanced crystallinity as evident
from large enthalpy change (250 J/g) accompanying
melting of polymer matrix.

When the prepared iron oxide nanoparticles and
nanocomposites are put under varying magnetic
field, magnetic moment is developed that increases
with increasing field strength. It is also observed
that the magnetic moment of bulk nanoparticles is
much greater than nanocomposite matrices, and
both the bulk nanoparticles and nanocomposites ex-
hibit superparamagnetic behavior.

The in vitro blood compatibility as judged by the
clot formation and percent haemolysis data depend
on the chemical composition of the magnetite-poly-
mer nanocomposites. It is found that the nanocom-
posites matrix offers an optimum antithrombogenic-
ity at 2.13 weight ratio of PVA/PMMA content,
whereas the thrombogenicity increases with increas-
ing content of crosslinker (MBA). The blood compat-
ibility also increases with increasing % impregnation
of iron oxide.

Thus, the prepared magnetite-polymer matrix
shows superparamagnetic and biocompatible prop-

erties and may serve as potential candidate for bio-
medical applications.

The authors wish to acknowledge the University Grants
Commission, Department of Atomic Energy (UGC-DAE)
Consortium for Scientific Research, Indore, India, for the
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