
1. Introduction
In recent years, superparamagnetic iron oxide
nanoparticles have shown great potential applica-
tions in many biological fields, including targeted-
drug delivery [1, 2], bioseparation [3], tissue repair
[4], cancer treatment through hyperthermia [5, 6],
and magnetic resonance imaging (MRI) contrast
enhancement [7–9].
MRI is an appealing noninvasive approach for
early cancer diagnostics and therapeutics [10].
However, in clinical diagnosis, it is often the case
that the diseased and healthy tissues are similar in
composition and MRI technology alone will not
always differentiate the two. A contrast agent is
necessary to distinguish the normal and diseased

tissue. The conventional, gadolinium compounds
[11] have been used as T1 contrast agents that cause
positive contrast enhancement and provide a bright
state in the image where the compounds are accu-
mulated [12]. However, with the increasing use of
paramagnetic gadolinium chelates for MRI, short-
comings of gadolinium chelates have been found,
such as fast elimination in tissue; non-specific dis-
tribution in vivo and limited effect in improving
MR imaging.
Since superparamagnetic Fe3O4 nanoparticles can
enhance the alterations of proton relaxation in the
tissue microenvironment, these are suitable as T2

contrast agent in MRI [13, 14]. These T2 contrast
agents cause to decrease the signal intensity in the
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region that they are accumulated, and hence cause
negative contrast and provide a dark state in the
image where the compounds are accumulated [15].
However, the direct use of magnetic nanoparticles
as in vivo MRI contrast agent results in biofouling
of the particles in blood plasma and formation of
aggregates that are quickly sequestered by cells of
the reticular endothelial system (RES) such as
macrophages [16, 17]. Furthermore, aggregated
nanoparticles change their superparamagnetic
response [7]. Therefore, in order to minimize bio-
fouling and aggregation of particles and escape
from the RES for longer circulation times, the
nanoparticles are usually coated with a layer of
hydrophilic and biocompatible polymer such as
dextran [18], dendrimers [19], poly(ethylene gly-
col) (PEG) [20], and poly(vinyl pyrrolidone) (PVP)
[21–23]. Of synthetic polymers, PVP is water-solu-
ble, non-charged, non-toxic, and is used in various
medical applications [24]. While there is a potential
concern about covalent interaction between
hydrophilic polymers and magnetic nanoparticles
in order to increase their stability in physiological
medium [25–29], PVP coating on Fe3O4 nanoparti-
cles in all previous works has been achieved
through noncovalent interaction.
Now, polymers grafting of magnetic nanoparticles
is one of the most attractive methods of surface
modification [30, 31]. In the present study, we car-
ried out chemical synthesis and characterization of
PVP-functionalized magnetite (Fe3O4) nanoparti-
cles. Since the PVP was bonded to the surface of
magnetite nanoparticles through covalent bonds,
the prepared magnetic fluid (ferrofluid) was very
stable for a long period of time. To this aim, first
magnetite nanoparticles were synthesized by the
chemical co-precipitation of Fe3+ and Fe2+ ions
with NH4OH. Then, the nanoparticles were modi-
fied directly by 3-(trimethoxysilyl) propyl methacry-
late (silan A) to introduce reactive vinyl groups on
the particles surface, and poly(N-vinyl pyrrolidone)
was grafted onto modified nanoparticles by sur-
face-initiated radical polymerization. The structure,
particle size, and composition of PVP-functional-
ized magnetite nanoparticles were examined by
FT-IR (Fourier transform infrared spectroscopy),
XRD (X-ray diffraction), TEM (transmission elec-
tron microscopy), VSM (vibrating sample magne-
tometer), and TGA (thermogravimetric analysis).
Furthermore, the PVP-functionalized MNPs were

dispersed in water to form stable magnetic fluids.
T2-weighted MRI images of PVP-grafted magnetic
nanoparticles were obtained and the results indi-
cated that they have great potential for application
in MRI as T2 contrast agent.

2. Experimental
2.1. Materials
Ferric chloride haxahydrate (FeCl3·6H2O, >99%),
ferrous chloride tetrahydrate (FeCl2·4H2O, >99%)
and ammonium hydroxide (25 wt%) were obtained
from Fluka (Switzerland). 3-(trimethoxysilyl) propyl
methacrylate (silan A), dichloromethane and Azo-
bisisobutyronitrile (AIBN) were purchased from
Merck (Schuchardt, Germany). All the materials
mentioned above were used without further purifi-
cation. N-vinyl pyrrolidone was obtained from
Merck (Schuchardt, Germany) and was distilled
under reduced pressure prior to use. Ethanol (96%)
was provided by Simin Tak (Qazvin, Iran). Dis-
tilled water was used throughout the work.

2.2. Synthesis of Fe3O4 nanoparticles

The preparation of Fe3O4 nanoparticles was fol-
lowed by a chemical co-precipitation of Fe2+ and
Fe3+ ions described previously [32]. Briefly, fifty
milliliters of 1.0 mol/l Fe2+ and 2.0 mol/l Fe3+ solu-
tions were prepared with deionized water in two
beakers, and then transferred to a 250 ml three-
necked flask together. When the solution was
heated to 80°C, NH4OH (25 wt%) was added drop-
wise under argon protection and vigorous mechani-
cal stirring until pH = 10–11. As the base was
added, the solution immediately turned black indi-
cating the formation of iron oxide in the system.
The solution was heated at 80°C for 1 h, and then
the precipitated powders were collected by mag-
netic separation. The obtained magnetic nanoparti-
cles were washed immediately with deionized
water for five times and then with dichloromethane
for three times. The final product was dried into
powder at 40°C under vacuum.

2.3. Preparation of silan A-modified Fe3O4

nanoparticles

In order to introduce vinyl group onto the magnetic
nanoparticles, we used 3-(trimethoxysilyl) propyl
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methacrylate (silan A) as a coupling agent. Silan A-
modified magnetic nanoparticles were achieved by
the silanization reaction between Silan A and the
hydroxyl groups on the surface of magnetite.
Namely, 3.7 g of Fe3O4 nanoparticles were dis-
persed in 40 ml toluene by sonication for about 1 h,
and then 19.5 mmol (4.66 ml) of Silan A was added
under argon atmosphere using a syringe. The reac-
tion mixture was kept at room temperature for 5 h
with vigorous mechanical stirring. Afterwards, the
Silan A-immobilized Fe3O4 nanoparticles were
obtained by magnetic separation and washed with
ethanol (2×30 ml) and dichloromethane (2×30 ml)
in turn. They were then dried in a vacuum oven at
40°C overnight.

2.4. Synthesis of PVP-grafted Fe3O4

nanoparticles

The graft polymerization was performed using sur-
face-initiated radical polymerization, according to a
modified procedure [31]. In a typical protocol,
0.5 g of silan A-modified Fe3O4 nanoparticles,
0.069 g of AIBN, 44 ml of ethanol and 10 ml of
deionized water were put in a flask and vibrated
with ultrasonic for 30 min under argon to be dis-
persed uniformly. Then the flask was heated at
70°C, mechanically stirred at 400 rpm under argon,
and a mixture of N-vinyl pyrrolidone (6.4 ml,
0.06 mol), ethanol (7 ml), and deionized water
(7 ml) was added dropwise into the flask within
1 h. The graft polymerization was performed at
70°C for 6 h. Then the resultant product was col-
lected by magnetic separation, washed with ethanol
for several times, and finally dried at 40°C in a vac-
uum oven.

2.5. Characterization techniques

Nano-Fe3O4, nano-Fe3O4 modified with silan A
and also PVP-grafted Fe3O4 nanoparticles were
tested by Fourier transform infrared (FT-IR) spec-
troscopy. The measurements were performed on a
TENSOR 27 spectrometer (Bruker, Germany) with
a solid potassium bromide method, with 2 cm–1 res-
olution and 10 scanning times.
The nanoparticles were observed with transmission
electron microscope (TEM) (Jeol TEM-2100,
Japan) operated at 200 kV. Investigating TEM, the

nanoparticles were deposited on a copper-grid-sup-
ported perforated transparent carbon coil. The crys-
tal structure of prepared nanoparticles was studied
by an X-ray diffractometer (Siemens D5000, Ger-
many) using CuKα radiation (λ = 1.5418 Å). Parti-
cle size distribution was determined by particle size
analyzer (Photal ELS Z, Otsuka Electronics,
Japan).
Thermogravimetric analysis (TGA) experiments
were performed by TGA 951 (DuPont, USA).
Dried samples (1–5 mg) were placed in the TGA
furnace and the measurements were carried out
under nitrogen with a heating rate of 15°C/min
from 30 to 650°C. The magnetic properties of
Fe3O4 nanoparticles were measured at room tem-
perature with vibrating sample magnetometer
(VSM) (LakeShore 7307, USA).
MRI experiments were performed at 25°C in a clin-
ical magnetic resonance (MR) scanner (GE Signa
EXCITE 1.5T, USA). To demonstrate the T1 and T2

effects in an aqueous solution, PVP-grafted mag-
netic nanoparticles were suspended in tubes of
water (10 ml) with iron concentration at 0, 0.025,
0.050, 0.075, 0.100, 0.200, 0.400, and 0.600 mmol/l
Fe, respectively. The tubes were placed into the
MR scanner and a number of spin-echo sequences
were run for determining both T2 and T1 relaxation
times. The IDL software (version 5.5) was used for
data acquisition. To estimate the T2 relaxation time
for each sample, coronal images (TH = 10 mm)
were acquired at various echo times (TE) from 10
to 140 ms with a repetition time (TR) of 1600 ms.
Similarly, the T1 relaxation time for each sample
was measured by varying TR between 100 and
6400 ms while keeping TE constant at 18 ms. After
acquiring the images, the magnitudes of image
intensities were measured within manually-drawn
regions of interest (ROIs) for each sample. Relax-
ation rates R1 (1/T1) and R2 (1/T2) were calculated
by mono-exponential curve fitting of the signal
intensity vs. time (TE or TR). The Equations (1)
and (2) were used for curve fitting of relaxation rate
R1 and R2, respectively [33]:
For relaxation rate R1:

(1)

For relaxation rate R2:

(2))]··[exp( 2 TERCAI −+=

)]·exp(1·[ 1 TRRAI −−=
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where I is the signal intensity. Plotting R1 (or R2)
vs. iron concentration gives T1 relaxivity (r1) or T2

relaxivity (r2) as the slope, respectively.

3. Results and discussion
3.1. Preparation of PVP-grafted Fe3O4

nanoparticles
The process for synthesis of PVP-grafted Fe3O4

nanoparticles is shown in Figure 1. The Fe3O4

nanoparticles were synthesized by a chemical co-
precipitation of Fe2+ and Fe3+ ions under alkaline
condition. The concentration ratio of Fe2+/Fe3+ was
1:2, and the experiment was carried out under
argon gas to prevent Fe2+ oxidation to Fe3+. The
Fe3O4 nanoparticles prepared by the co-precipita-
tion method have a number of hydroxyl groups on
the surface. Silan A-modified MNPs were achieved
by the silanization reaction between silan A and the
hydroxyl groups on the surface of magnetite (Fig-
ure 1).
Surface-grafted polymerization of N-vinyl pyrroli-
done involves two reactions, which take place
simultaneously. On the surface of silan A-modified
Fe3O4 nanoparticles, the graft polymerization
occurs, while the random polymerization takes
place in the solution. In order to decrease the ran-
dom polymerization, the following strategies were
adopted. On the one hand, AIBN was dissolved in
the modified nanoparticles suspended solution and
the solution was placed overnight to let nanoparti-
cles absorb AIBN on the surface the most. On the
other side, the monomer was added dropwise in the
reaction mixture. Following the application of the
procedure explained, as the mixture is heated the
vinyl groups on the surface of nanoparticles are
activated by initiator and when the monomer is

added slowly to the mixture, surface-initiated radi-
cal polymerization occurs. The ungrafted oligomers
would be separated by magnetic decantation after
reaction.

3.2. FT-IR analysis

To evaluate the graft polymerization, the homopoly-
mers and unreacted monomers were extracted from
final product within ethanol to be separated from
the grafted nanoparticles. Figure 2 shows the FT-IR
spectra of pure Fe3O4, silan A-treated Fe3O4 and
PVP-grafted Fe3O4 nanoparticles, respectively.
From the IR spectra presented in this figure, the
absorption peak at 580 cm–1 belongs to the stretch-
ing vibration mode of Fe–O bonds in Fe3O4. Com-
paring with the IR spectrum of pure Fe3O4 (Fig-
ure 2a), the IR spectrum of Silan A-modified Fe3O4

(Figure 2b) has absorption peaks presented at 1700
and 1648 cm–1 being relevant to the stretching
vibration of conjugated esteric C=O and stretching
vibration of C=C bonds, respectively. Absorption
bonds of stretching vibrations of esteric C–O bond
are appeared at 1172 and 1017 cm–1. Absorbent
peaks at 2926 and 1460 cm–1 belong to asymmetric
stretching vibration and scissoring bending vibra-
tion of CH2 group, respectively. All these peaks
revealed the existence of silan A and indicated that
the reactive groups had been introduced onto the
surface of magnetite. In Figure 2c, the absorbent
peak at 1660 cm–1 belongs to C=O group of N-
vinyl pyrrolidone. Asymmetric stretching and scis-
soring bending vibrations of CH2 group of N-vinyl
pyrrolidone are appeared at 1957 and 1465 cm–1,
respectively. The absorbent peak centered at
1289 cm–1 is due to C–N stretching vibration of N-
vinyl pyrrolidone. Also the peak at 2957 cm–1 is
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Figure 1. Surface modification and graft polymerization of magnetic nanoparticles



due to the asymmetric stretching vibration of CH3

group of azobisisobutyronitrile (AIBN) that is used
as initiator. Overall, these FT-IR spectra indicated
that N-vinyl pyrrolidone polymer chains were suc-
cessfully grafted onto the Fe3O4 nanoparticles sur-
face.

3.3. X-ray diffraction (XRD)

The XRD diffraction patterns of pure magnetite,
silan A treated magnetite and PVP-grafted mag-
netite nanoparticles are shown in Figure 3a–3c,
respectively. It is apparent that the diffraction pat-
tern of our Fe3O4 nanoparticles is close to the stan-
dard pattern of crystalline magnetite (Figure 3a).
The characteristic diffraction peaks marked,
respectively, by their indices (220), (311), (400),
(422), and (511) could be well indexed to the
inverse cubic spinel structure of Fe3O4. The aver-
age crystallite size D was calculated using the
Debye-Scherrer formula D = Kλ /βcosθ, where K is

Scherrer constant, λ is the X-ray wavelength, β is
the peak width of half-maximum, and θ is the
Bragg diffraction angle. The crystallite size
obtained from this equation was found to be about
19 nm, which is basically in accordance with the
transmission electron microscopy. These character-
istic peaks can also be found in Figure 3b and 3c,
which illustrated that the characteristic peaks did
not change but only the peak intensity and width
after coated with silan A and PVP, showing that the
crystalline structure of the modified nanoparticles
was not varied. The intensity of peaks for each
sample is given in Table 1.

3.4. Transmission electron microscopy (TEM)

The TEM micrographs of pure Fe3O4 nanoparticles
(Figure 4a) and Fe3O4 nanoparticles grafted by
poly(N-vinyl pyrrolidone) (Figure 4b) are shown.
Particles with an average diameter of 14 nm were
observed. This result is in good accordance with the
estimation from X-ray diffraction results. The elec-
tron diffraction pattern (Figure 4c) consisting of
rings indicates the good crystal structure of the
nanoparticles. It can be seen that the particles have
a strong tendency to aggregate as a result of the
interaction of the polymer grafted on the nanoparti-
cles. This is a further confirmation of the encapsu-
lation of Fe3O4 magnetic core polymerized with
PVP.
The surface-grafted magnetic nanoparticles could
be easily dispersed in water to form a uniform sus-
pension and be stably preserved for several months,
suggesting that the tendency for the aggregation of
particles is considerably weakened, whereas the
suspension made from the bare magnetic nanoparti-
cles is completely precipitated from the solvent in
only a few minutes without stirring. Figure 5 shows
the size distribution plot for PVP-grafted nanoparti-
cles, as it can be seen the size of nanoparticles has
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Figure 3. XRD patterns of (a) pure Fe3O4 nanoparticles;
(b) silan A-modified Fe3O4 nanoparticles;
(c) PVP-grafted Fe3O4 nanoparticles

Figure 2. FT-IR spectra of (a) pure Fe3O4 nanoparticles;
(b) Fe3O4 nanoparticles modified with Silan A;
(c) PVP-grafted Fe3O4 nanoparticles

Table 1. The intensity of magnetite diffraction peaks
before and after coating

Difraction
peak

Intensity (counts)

Fe3O4
Silan A-modified

Fe3O4

PVP-grafted
Fe3O4

220 033.32 028.32 25.18
311 212.43 131.39 87.73
400 031.47 026.75 11.02
422 063.73 046.42 26.35
511 081.04 068.06 44.45



increased because of organic coating and also their
aggregation, this is in good agreement with TEM
image.

3.5. Thermogravimetric analysis

The magnetite contents of Silan A treated mag-
netite and PVP-grafted magnetite were measured
through the TGA under nitrogen atmosphere condi-
tion at the heating rate of 15°C/min. Figure 6 illus-

trates the TGA curves, depicting the variations of
residual masses of the samples with temperature.
The organic materials and magnetite of the samples
were completely burned to generate gas products
and converted into Fe2O3 at elevated temperatures,
respectively. The magnetite amounts of samples
can be estimated from the residual mass percent-
ages. The absolute weight loss of the uncoated
Fe3O4 is 3.2% (Figure 6a) for the whole tempera-
ture range because of the removal of adsorbed
physical and chemical water. Figure 6b shows that
the weight loss increased above 200°C, attributed
to the loss of silan A layer coated on the MNPs. It is
estimated that the weight loss of silan A coated on
the Fe3O4 nanoparticles is about 3.8%. As shown in
Figure 6c, for PVP-grafted MNPs the first weight
loss stage (below 140°C) can be ascribed to the
evaporation of water molecules in the polymer
matrix, while the other stage beginning at about
200°C was due to the decomposition of PVP. Ther-
mogravimetric chart of PVP-grafted Fe3O4 nanopar-
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Figure 6. TGA curves of (a) pure Fe3O4 nanoparticles;
(b) silan A-treated Fe3O4 nanoparticles;
(c) PVP-grafted Fe3O4 nanoparticles

Figure 5. Size distribution plot of PVP-grafted Fe3O4

nanoparticles

Figure 4. TEM images of (a) pure Fe3O4 nanoparticles;
(b) PVP-grafted Fe3O4 nanoparticles; (c) Elec-
tron diffraction pattern of pure Fe3O4 nanoparti-
cles



ticles pointed that magnetite content is about
45.3%.

3.6. Analysis of magnetic properties

Figure 7 shows the magnetization curves of pure,
silan A-modified, and PVP-grafted Fe3O4 nanopar-
ticles respectively, determined by VSM at room
temperature. The saturation magnetization (Ms) is
found to be 51.6 and 33.5 emu/g for silan A-modi-
fied Fe3O4 and PVP-grafted Fe3O4, respectively,
less than the pure Fe3O4 nanoparticles
(62.1 emu/g). This difference suggests that Silan A
and PVP are grafted on the surface of Fe3O4

nanoparticles. As Ms of 7–22 emu/g is reported
adoptable for bioapplications [34, 35], the level of
Ms achieved for PVP-grafted Fe3O4 nanoparticles
(33.5 emu/g) is deemed sufficient for such applica-
tions. In addition, there is no hysterisis in the mag-
netization curve with both remanence and
coercivity being zero, indicating that these mag-
netic nanoparticles are superparamagnetic.

3.7. MRI and relaxivities

Since superparamagnetic Fe3O4 nanoparticles are
good T2-type (negative) contrast agents in MRI,
and PVP is a biocompatible macromolecule, the
effect of PVP-grafted MNPs was investigated in
terms of MR signal-enhancing property. To investi-
gate such a property a phantom test was carried out.
Figure 8 shows T2-weighted MR images of various
concentrations of PVP-grafted Fe3O4 nanoparticles
in water (spin-echo technique with TR = 1600 and
TE = 140 ms). It can be seen that the MR signal

intensity (related to the T2 relaxation time in T2-
weighted images) for the samples of different con-
centrations is not identical. With increasing nano-
particles concentration in water, the MR signal is
enhanced significantly (negative in brightness in
T2-weighted image). The T2 relaxation process
occurs because of the exchange of energy between
protons in water molecules. In the presence of an
externally applied magnetic field, superparamag-
netic iron oxide nanoparticles create inhomogene-
ity in the magnetic field affecting the microenvi-
ronment that results in dephasing of the magnetic
moments of protons and hence T2 shortening. The
results indicate that the nanoparticles can generate
high magnetic field gradients near the surface of the
PVP-grafted Fe3O4 nanoparticles.
Figure 9a and 9b show the relaxation rates R1 (R1 =
1/T1) and R2 (R2 = 1/T2) as a function of the iron
molar concentration, [Fe], for the PVP-grafted
MNPs. In Figure 9a and 9b, the relaxation rates R1

and R2 were found to vary linearly with the iron
concentration, according to the Equations (3) and
(4), respectively [36]:

(3)

(4)

where r1 and r2 are the longitudinal and transversal
relaxivities, respectively. The intercepts 1/T1

([Fe] = 0) and 1/T2 ([Fe] = 0) are the proton inverse
relaxation times in pure water. The r1 value per
millimole Fe of the PVP-grafted MNPs is
2.6 (mmol/l)–1·s–1, while the r2 value is
72.1 (mmol/l)–1·s–1. It is well known that the relax-
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Figure 7. Magnetization curves of (a) pure Fe3O4 nanopar-
ticles; (b) Fe3O4 nanoparticles treated by
Silan A; (c) PVP-grafted Fe3O4 nanoparticles

Figure 8. T2-weighted MRI images (1.5T, spin-echo
sequence: repitition time TR = 1600 ms, echo
time TE = 140 ms) of the PVP-grafted Fe3O4

nanoparticles at various iron concentration at
25°C



ivity ratio, r2/r1, is usually an important parameter
to estimate the efficiency of T2-contrast agents. In
our work, the r2/r1 is calculated to be 28.1, which is
much larger than that of dextran-coated MNPs [37],
demonstrating the PVP-grafted MNPs should per-
form well as T2-contrast agents in magnetic reso-
nance imaging.

4. Conclusions

In summery, the present work reports on the prepa-
ration of superparamagnetic Fe3O4 nanoparticles
through co-precipitation method followed by sur-
face modification with poly(N-vinyl pyrrolidone)
in two steps. First, magnetite nanoparticles were
modified by 3-(trimethoxysilyl) propyl methacry-
late (silan A) to introduce reactive groups onto the
nanoparticles surface. Second, N-vinyl pyrrolidone
was grafted onto the surface of modified-Fe3O4

nanoparticles by surface-initiated radical polymer-
ization. The results indicate that the polymer chains
had been effectively grafted onto the surface of
Fe3O4 nanoparticles. The functionalized nanoparti-
cles are superparamagnetic with Ms of 33.5 emu/g
and possess good dispersibility and stability in
water for a long period of time. MRI of the
nanoparticles in water confirmed its contrast
enhancement effect in T2-weighted sequences. Cal-
culated r1 and r2 relaxivites, and also r2/r1 ratio
indicate that the PVP-grafted nanoparticles may be
a good candidate as T2 contrast agent.
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