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Abstract Ultra-small Fe3O4 nanoparticles were prepared

by using the coprecipitation method, in which the polyvi-

nylpyrrolidone (PVP) serves as a stabilizer. The nanoparti-

cles were characterized by means of X-ray diffraction

(XRD), transmission electron microscopy (TEM), infra

spectrum (IR), X-ray photoelectron spectroscopy (XPS) and

in vivo magnetic resonance imaging (MRI) test. The results

showed that the particles’ size was determined by the drip-

ping rate and that PVP molecules played the role of pre-

venting the aggregation and restricting the size of Fe3O4

nanoparticles. The Fe3O4 nanoparticles with diameter

from 6.5 to 1.9 nm obviously exhibited negative contrast

enhancement and concentrated at the target area guided by a

permanent magnet.

1 Introduction

Magnetic nanoparticles (especially, iron-oxide nanoparti-

cles) have attracted intensive attention in biomedical

applications [1], such as separation of biomacromolecules

[2], magnetic resonance imaging (MRI) [3], biological

labels [4] and targeted drug delivery [5–7]. For these

applications, magnetic particles should have a small size

with a narrow size distribution. The smaller size the iron-

oxide particles have, the more rapid reactivity and bio-

degradation the particles will present [8]. Therefore, the

synthesis of ultra-small Fe3O4 nanoparticles with size less

than 10 nm is highly desired for biomedical applications

[9, 10]. Recently, several studies on the synthesis of ultra-

small magnetic nanoparticles have been reported. Sun and

Zeng [11] firstly reported simple organic-phase synthesis

of magnetite nanoparticles with sizes variable from 3 to

20 nm in diameter. Liz et al. [12–16] employed water-in-

oil microemulsion method to obtain magnetic iron-oxide

nanoparticles with size less than 10 nm. However, a large

amount of organic solvents was used in these synthesizing

processes, which would lead to not only higher cost but

also non-friendly to environment. The coprecipitation

method, as an economic, biocompatible, and environmen-

tally friend method, has been used for synthesizing Fe3O4

nanoparticles [17, 18], but ultra-small Fe3O4 nanoparticles

have not been successfully synthesized by this method yet.

In this paper, we used polyvinylpyrrolidone (PVP) as a

stabilizer to synthesize ultra-small Fe3O4 nanoparticles at

75�C by the coprecipitation method. For PVP molecules

have pyrrolidone functional groups that can easily arrest

crystals of Fe3O4 nanoparticles, they can help to form ultra-

small magnetic particles and stop the aggregation of the

nanoparticles. Lee et al. [19] prepared PVP-coated iron-

oxide nanoparticles by the thermal decomposition of

Fe(CO)5 and confirmed their biocompatibility in MRI

studies. Therefore, in this work, PVP was selected as a

stabilizer instead of other commonly used dextran, starch,

albumin and poly(ethyleneglycol) (PEG) in the current
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coprecipitation method. The successful synthesis of the

ultra-small Fe3O4 nanoparticles was confirmed by means of

X-ray diffraction (XRD), transmission electron microscopy

(TEM), infra spectrum (IR), and X-ray photoelectron

spectroscopy (XPS). When exposed directly to biological

environments, the ultra-small Fe3O4 magnetic nanoparti-

cles presented biocompatibility and showed encouraging

applications in MRI and magnetic delivery of drug.

2 Experimental

2.1 Materials

Polyvinylpyrrolidone (PVP, average MW: 7000–11000),

ferrous sulfate (C99.7%), iron sulfate (C99.0%), and

sodium hydroxide (C96%) were purchased from SCRC.

Water used in the experiment was distilled. All chemicals

were used directly without further purification. The weight

of laboratory mice was 18–22 g.

2.2 Synthesis of ultra-small Fe3O4 nanoparticles

The ultra-small Fe3O4 nanoparticles were synthesized by

coprecipitation method [20]. 5.8 g of PVP was dissolved in

20 ml of distilled water. Then 5 ml of sodium hydroxide

solution (3 M) was added into the PVP solution. Subse-

quently, the mixture of 2.5 ml of ammonium ferrous

sulfate (0.5 M) and 5 ml of iron sulfate solution (0.5 M)

was dripped into the PVP solution with dripping rate of

1.4 ml/min and PVP/Fe2? molar ratio of 20/1 under the

magnetic stirring and nitrogen protection. During the

dripping process, the solution was gradually changed to

black. The resulting black solution was maintained at 75�C

for 1 h and then the solution was cooled to room temper-

ature. Finally, the stable colloidal solution was obtained

and the ultra-small Fe3O4 nanoparticles (PVP/Fe2?: 20/1,

sample-b) were separated by centrifugation at 9000 rpm

for 10 min. In order to study the effect of dripping rates,

other two samples with PVP/Fe2? molar ratio of 20/1

(samples-c and -d) were also prepared according to this

procedure, with the dripping rate of the solution 0.7 and

0.35 ml/min. In order to study the role of PVP molecules,

the Fe3O4 nanoparticles (samples-e, -f and -a) with PVP/

Fe2? molar ratio of 10/1, 5/1 and 0/1 were prepared with

the dripping rate of 0.35 ml/min. Detailed description of

the experimental conditions is presented in Table 1.

2.3 In vivo MRI test

For in vivo MRI test of the PVP–Fe3O4 nanoparticles, the

animals were anesthetized with an intramuscular injection of

ketamine 35 mg/kg body weight. 0.2 ml of magnetic

solution with PVP/Fe2? molar ratio of 20/1 (30 mg/ml,

sample-b) was injected into the tail vein of laboratory mice.

Due to the high solubility and monodispersity of the

magnetic particles in aqueous solution, we performed

injection of magnetic solution without filtration. A columned

20 9 10 mm NdFeB permanent magnet with a field of 0.3 T

was positioned next to the right side of liver for 30 min.

Controlled animals were injected with ketamine without the

presence of the permanent magnet. In vivo MRI was mea-

sured 1 h later.

2.4 Characterization and instrumentation

The powder XRD was performed at room temperature with

a D/max 2400 X-ray diffractometer equipped with a Cu Ka

radiation source (k = 0.154056 nm). The morphology and

size distribution of Fe3O4 nanoparticles were observed

by using a JEOL 2010 TEM operating at 200 kV. XPS

experiments were performed by using a commercial

system (Thermo VG ESCALAB250 with MgKa and Al Ka

radiations) with a base pressure of 1 9 10-7 mbar. The

T2
*-weighted MR images of the mice were obtained with a

turbo spin echo (TSE) technique using a 3 T MR machine

(GE Excite). The sequence parameters were TR 920 ms,

TE 83 ms, 1 mm thickness, and 8 9 8 cm field of view

(FOV) (256 9 192 matrix, NEX = 4).

3 Results and discussion

The XRD patterns of the Fe3O4 nanoparticles prepared

with PVP molecules are shown in Fig. 1. The XRD peaks

Table 1 Characterization

results for prepared samples
PVP/Fe2?

Mole ratio

No. Dripping rate

(ml/min)

XRD and crystalline

domain diameter (nm)

TEM IR

(CO)

20/1 b 1.4 Fig. 1b 6.5 Fig. 2b

c 0.7 Fig. 1c 3.1

d 0.35 Fig. 1d 1.9 Fig. 2a 1661

10/1 e 0.35 4.0 1632

5/1 f 0.35 5.6 1640

0/1 a 0.35 Fig. 1a 5.3 1661
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were consistent with those in the standard XRD pattern of

Fe3O4 (No. 85-1436), which confirmed the crystallinity of

Fe3O4 nanoparticles. Furthermore, by using the Scherrer’s

equation, the crystalline grain diameters of the Fe3O4

particles were calculated according to the (311) XRD peak.

With increasing the dripping rate from 0.35 to 1.4 ml/min,

the crystalline grain diameters of the Fe3O4 particles

(samples-d, -c and -b) increased from 1.9 to 6.5 nm. The

crystalline grain diameter of the Fe3O4 particles (sample-a)

prepared with dripping rate of 0.35 ml/min and PVP/Fe2?

molar ratio of 0/1, was calculated as 5.3 nm. It was noticed

that the diameter (5.3 nm) of sample-a was almost three

times that of sample-d (1.9 nm), which indicated that PVP

molecules may help to decrease the size of the Fe3O4

particles. With increasing PVP/Fe2? molar ratio from 5/1

to 20/1, the crystalline grain size of iron-oxide core

decreased from 5.6 to 1.9 nm. Lee et al. [19] reported that

the size of PVP coated iron-oxide nanocomposites

increased from 119 to 417 nm (measured by ELS) with the

increase of PVP/[Fe(CO)5] molar ratio from 0.125 to 0.5.

As a kind of macromolecule stabilizer, PVP molecules may

act as space block or space bridge to stabilize particles

[21]. The amount of PVP determined the mode. When the

PVP amount increased and PVP/Fe2? molar ratio reached

5/1, PVP molecules may be more likely to act as space

block. As a result, in this work, the smallest Fe3O4 particles

could be prepared with lowest dripping rate of 0.35 ml/min

and PVP/Fe2? molar ratio of 20/1.

Figure 2a, b showed TEM images of the Fe3O4 particles

(samples-d and -b) synthesized with dripping rate of

0.35 and 1.4 ml/min and PVP/Fe2? molar ratio of 20/1,

respectively. The morphologies of samples-d and -b

showed spherical shape and rhombohedral shape, respec-

tively, with homogeneous dispersed distribution. The

average sizes of the Fe3O4 particles were determined from

Fig. 2a, b to be 2 and 7 nm, respectively, which are close to

the crystalline grain values calculated by using Scherrer’s

equation (samples-d and -b). The slight difference may be

due to the presence of multi-grain particles.

The FT-IR spectra of PVP coated Fe3O4 nanoparticles

and pure PVP were shown in Fig. 3. With increasing PVP/

Fe2? molar ratio from 0/1 to 10/1, the CO bands shifted

from 1661 to 1632 cm-1. The results indicated the chem-

ical interaction between CO groups and the Fe3O4 nano-

particles. In addition, the interaction increased with the

decrease of the particle size, which can be attributed to the

surface effect of nanoparticles. When PVP/Fe2? molar

Fig. 1 XRD pattern of the samples: a non-PVP–Fe3O4; b PVP–

Fe3O4-20/1, 1.4 ml/min; c PVP–Fe3O4-20/1, 0.7 ml/min; d PVP–

Fe3O4-20/1, 0.35 ml/min

Fig. 2 TEM images of the samples: a PVP–Fe3O4-20/1, 0.35 ml/

min; ) PVP–Fe3O4-20/1, 1.4 ml/min
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ratio reached 20/1, the CO bands peaked at 1661 cm-1 and

no shift was observed. It indicated that large excessive PVP

remained on this sample, probably just remained free on

the surface, despite the successive washing steps were done

after the synthesis. It is the excessive free PVP molecules

that prevent the aggregation of the magnetic particles as

indicated by TEM. Therefore, for preparing the well

dispersed PVP coated Fe3O4 particles, the effective con-

centration of PVP is 20 times that of Fe2?.

Figure 4a, b showed XPS spectra of sample-d with

etching time 0 and 30 s, respectively. The C1s, N1s, O1s

and Fe2p peaks indexed at 285, 400, 532 and 722 eV,

respectively, indicated the existence of PVP and Fe3O4.

With increasing the etching time, the intensity of C and N

decreased (Table 2), which revealed that the excessive free

PVP molecules lost. When the etching time reached 30 s,

the intensity of Fe reached maximum, which suggested that

the surface of Fe3O4 had been reached. In order to study the

interaction of PVP molecules and Fe3O4 nanoparticles, the

XPS spectrum with etching 30 s was selected for discus-

sion. The XPS spectrum of C1s was decomposed into four

peaks by the multiple Gaussians curve fitting, as shown in

Fig. 4c. The peaks at 285.0, 285.2, 286.2 and 289.2 eV

indicated carbon atoms with number 1–4 in different

chemical environments (see the inset of Fig. 4c). Com-

paring the XPS spectrum of carbon atoms of number 4 with

that of pure PVP (288.6 eV), the present peak at 289.2 eV

shifted to higher binding energy. This result indicated the

interaction between the carboxyl (C=O) groups and the

Fe3O4 nanoparticles. The peak at 531.4 eV can be attrib-

uted to carboxyl (C=O) oxygen in PVP repeated unit. The

peak at 400.0 eV can be due to nitrogen atoms. No obvious

shifts of O1s and N1s peaks were observed, which sug-

gested that the oxygen and nitrogen atoms in PVP had no

Fig. 3 Infrared spectra of the samples: a neat PVP; b PVP–Fe3O4-5/1;

c PVP–Fe3O4-10/1; d PVP–Fe3O4-20/1

Fig. 4 XPS spectra of PVP–Fe3O4-20/1 a in whole range with deeping time 0 s; b in whole range with deeping time 30 s c C1s; d O1s; e Fe2p
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markedly chemical interaction with the Fe3O4 particle core.

Therefore, the carbon atoms in carboxyl group contribute

to the interaction between the PVP molecules and the

Fe3O4 nanoparticles.

The XPS spectrum of Fe atoms was shown in Fig. 4e.

The peaks at 723.2 and 709.9 eV were in accordance with

Fe 2p1/2 and 2p3/2 of different oxidation states in Fe3O4.

The Fe 2p1/2 peak in the PVP coated Fe3O4 nanoparticles

was lower than that of Fe atoms in pure Fe3O4 (723.8 eV),

which indicated the interaction between Fe atoms and the

polymeric ligands. In addition, the lower binding energy

peak of Fe 2p1/2 suggested that electron clouds around

carbon atoms of carboxyl (CO) groups intended to be close

to Fe atoms in Fe3O4 nanoparticles. The peaks at 529.9 and

530.5 eV can be indexed to oxygen atoms in the PVP

coated Fe3O4 nanoparticles. In comparison with O1s peaks

(529.1 and 529.6 eV) of pure Fe3O4, the O1s peaks of the

PVP coated Fe3O4 nanoparticles appeared to shift toward

higher binding energy, which may be caused by the

interaction between the Fe atoms and carboxyl (C=O)

groups of PVP. Therefore, the interaction between the PVP

molecules and the Fe3O4 nanoparticles was the excursion

of the electron clouds from C atoms (in CO) to Fe atoms.

This kind of interaction, from the view of valence bond

theory, can be interpreted as coordination bond. For the

requirement of special configuration of iron coordination

compounds, the growth of the Fe3O4 nanoparticles was

restrained. Therefore, as a stabilizer, PVP molecules cov-

ering on the surface of Fe3O4 nanoparticles play the role of

restraining the growth of Fe3O4 nanoparticles. Jiang et al.

[22] reported that the presence of PVP was essential to

prevent the aggregation and growth of the nanoparticles in

PVP-mediated polyol reduction process. In our study, the

function of PVP is in accordance with the previous result.

To observe the in vivo MRI effect, T2-weighted MRI

was performed in laboratory mice. Compared with Fig. 5a,

the PVP coated Fe3O4 nanoparticles obviously exhibited

negative contrast enhancement for lung, liver and kidney as

shown in Fig. 5b. In addition, in Fig. 5b, PVP coated

Fe3O4 nanoparticles concentrated in target, which is due to

the attraction of the magnet. Therefore, the in vivo results

showed that PVP coated Fe3O4 nanoparticles could be

concentrated at the target area guided by the permanent

magnet and obviously exhibited negative contrast

enhancement for the whole body.

4 Conclusions

Ultra-small Fe3O4 magnetic nanoparticles were synthesized

by coprecipitation method with PVP as a stabilizer. In

synthetic conditions, PVP molecules not only prevent the

aggregation of the Fe3O4 nanoparticles, but also restrict

their size by utilizing the interaction between the carbon

atoms in carbonyl groups and the Fe atoms on the Fe3O4

nanoparticles. The as-prepared Fe3O4 nanoparticles with

diameter from 6.5 to 1.9 nm were homogeneous and well

dispersed. In vivo results for MRI and magnetic targeting

showed that the PVP coated Fe3O4 particles could be con-

centrated at the target area and obviously exhibited negative

contrast enhancement for the whole body. Therefore, the

PVP coated Fe3O4 particles prepared by the present method

would have encouraging applications in MRI and magnetic

delivery of drug [1, 23] and should be investigated further.
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