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We herein describe a facile synthesis of superparamagnetic magnetite ferrofluids
having long-term stability in aqueous dispersions. A single-step thermal decom-
position reaction of iron (III) acetylacetonate (Fe(acac)s) was carried out in the
presence of poly(ethylene glycol) methyl ether (mPEG) to serve both as a reducing
agent and reaction solvent. The role of number average molecular weight (M,)
of mPEG (350 and 750 g/mol) on the size and properties of the particles was
investigated. Fourier-transform infrared spectrophotometry (FTIR) indicated
the presence of mPEG in the polymer—-magnetite complexes. According to
thermogravimetric analysis (TGA), the complexes consisted of 40-66% Fe3Oy,
depending on the molecular weights of mPEG used. According to the transmis-
sion electron micrographs (TEM), the particles prepared in 350 g/mol mPEG
exhibited the average diameter of 7.8 & 1.4 nm, while those in 750 g/mol mPEG
were 5.3+ 1.1nm. From photocorrelation spectroscopy (PCS) experiments, the
size of 350 g/mol mPEG-magnetite complex and 750 g/mol mPEG-magnetite
complex were 37.1+1.0nm and 35.1+0.4nm, respectively. According to
the calculation by the Debye—Scherrer equation, the sizes of 350 g/mol
mPEG-magnetite complex and 750 g/mol mPEG-magnetite complex were 7.7
and 6.6nm, respectively. They were highly crystalline and exhibited
superparamagnetic properties. They were stable in aqueous dispersions with
insignificant aggregation after 6 weeks of preparing. These stable, non-toxic
dispersions might be potentially used in magnetically targeted biomedical
applications.

Keywords: magnetite; nanoparticle; poly(ethylene glycol) methyl ether; water
dispersible

1. Introduction

Magnetite ferrofluids have recently attracted marked attention for uses in many
biomedical applications such as hyperthermia [1-4], magnetic resonance imaging (MRI)
[5-12] and magnetic drug targeting [13—17]. They have been known as biocompatible,
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non-toxic and chemical-resistant materials. However, magnetite nanoparticles in
ferrofluids tend to agglomerate to each other due to van der Waals and magnetic
attractive forces. Hence, the studies in preventing aggregation of these nanoparticles have
been greatly focussed. Many recent studies have reported the synthesis of water dispersible
magnetite nanoparticles through one-pot decomposition of iron (III) acetylacetonate
(Fe(acac)s) in merely organic compounds containing hydroxyl groups, such as benzyl
alcohol [18], tetraethylene glycol and triethylene glycol [19]. These compounds functioned
as both reaction solvents and reducing agents because they have high boiling points, high
polarities and OH reactive functional groups. Although water dispersible magnetite
nanoparticles were obtained, long-term stability in aqueous medium is concerned if
they are anticipated for uses in biomedical applications due to a lack of long-chain
polymeric surfactants on the particle surfaces. Li et al. [20] have reported the synthesis of
magnetite nanoparticles in 2-pyrolidone using dicarboxyl-terminated poly(ethyelene
glycol) as surfactants. They proposed that carboxylic acid can coordinate on the particle
surfaces. However, stability of the dispersions in water for a long period of time was
not reported.

In this study, we used poly(ethylene glycol) methyl ether (mPEG) oligomers as both
reducing agent and reaction solvent in the thermal decomposition reaction of Fe(acac)s.
Hydroxyl groups at mPEG chain termini are thought to coordinate onto the particle
surface [18,19,21-24] and poly(ethylene glycol) chains provide steric stabilisation and
dispersibility in water. This is the first study on preparing magnetite nanoparticles via
organic solvent-free thermal decomposition in the presence of merely hydrophilic
oligomers having OH groups in the reactions. Two different number average molecular
weights (M) of mPEG (350 and 750 g/mol) were used in this study to investigate the effect
of their chain length on the structure and magnetic properties of the as-synthesised
complexes. Fourier-transform infrared spectrophotometry (FTIR) was used to evidence
the presence of mPEG in the complexes. Their structure was elucidated using X-ray
diffractometry (XRD), and their particle size was investigated using transmission electron
microscopy (TEM) and photocorrelation spectroscopy (PCS). Their magnetic properties
were investigated via vibrating sample magnetometry (VSM). Their long-term stability
in water and cytotoxicity testing were also performed to study the feasibility for use
in biomedical applications.

2. Experimental procedure

2.1. Materials

The mPEG with M,, 350 g/mol and 750 g/mol (Acros) were freeze-dried prior to use and
Fe(acac)s, 994+% (Acros), was used as received. Cellulose dialysis tubing (Sigma—Aldrich)
with molecular weight cut off (MWCO) 12,400 was immersed in running water for 24 h
before being used.

2.2. Characterisation

FTIR was performed on a Perkin Elmer Model 1600 series FTIR spectrophotometer.
Magnetite concentrations in dispersions were analysed by flame atomic absorption
spectrometer (AAS). XRD patterns of the particles were collected on a Philips X’pert
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X-ray diffractometer under Cu-Ka radiation (A =1.540598 A) operated at 30kV and 26
ranging from 0° to 90°. The particle size was estimated form XRD patterns following the
Debye—Scherrer equation [25-27], D =0.94/Bcos 6, where D is the average crystallite size
(A), 1 is the wavelength of X-rays (Cu-Ka; 2 = 1.540598 A), 0 is the Bragg diffraction angle
and g is the full width at half maximum (FWHM). For TEM analyses, samples were dried
on carbon-coated copper grids and the images were taken using a Philips Tecnai 12
operated at 120kV equipped with Gatan model 782 CCD camera. Hydrodynamic
diameter of the particles was measured at 25°C via PCS using NanoZS4700 nanoseries
Malvern instrument. The sample dispersions were sonicated for 10min before each
measurement. Magnetic properties were measured at 300 K using a standard 7403 series,
Lakeshore VSM. The magnetic moment of each sample was investigated over a range of
applied magnetic fields from —10,000 to 410,000 G using 30 min sweep time. Mass specific
magnetisations were calculated using the concentration of iron measured by AAS and
assuming that all irons were in the form of magnetite. Thermogravimetric analysis (TGA)
was performed on SDTA 851 Mettler-Toledo at temperatures ranging between 25°C and
600°C at a heating rate of 20°C/min under oxygen atmosphere. It is assumed that all
organic components were thermally decomposed and iron oxide remained as char.

2.3. Synthesis of water-dispersible mPEG-magnetite complexes

Fe(acac); (0.5 g, 0.0014 mole) was mixed with mPEG (20 ml) in three-neck round-bottom
flask equipped with a mechanical stirrer. The reaction was heated to 200°C for 6 h under
N, blanket. After cooling, the dispersions were centrifuged at 5000 rpm to precipitate some
aggregate. The dispersions were then dialysed against water and refreshed twice every 24 h
interval to remove uncoordinated species, followed by centrifugation to again remove
some aggregate. These dispersions were used for TEM and PCS analyses. The samples for
FTIR, VSM and XRD were prepared by a freeze-drying technique from the aqueous
dispersions to obtain solid samples of mPEG—magnetite complexes.

3. Results and discussion

The main aim of this study is to develop a facile single-step synthesis of magnetite
nanoparticles having long-term stability in aqueous dispersions. Precedents have reported
a single-pot thermal decomposition of Fe(acac); in the presence of small organic molecules
containing reactive functional groups [18,19]. However, long-term stability of the
as-prepared dispersions in water is concerned for uses in biomedical applications. In an
attempt to extend the stability of the particles in water, we have recently reported a
one-step reaction to obtain water dispersible magnetite nanoparticles by the thermal
decomposition of Fe(acac); in other reducing systems [28]. The reaction was carried out in
the presence of water soluble carboxylic acid-terminated mPEG acid, poly(vinyl alcohol)
(PVA) and NH,-containing polyether (Jefamine M-2070). The as-synthesised particles
were stable in water over one-month period without any significant aggregation observed.
In addition, our interest is also extended to investigate the effect of polymer functional
groups on the particle stability in the dispersions; thermal decomposition reactions of
Fe(acac); solely in carboxylic acid-, amine- or hydroxyl-containing water-soluble polymers
are systematically performed. In this study, we primarily aimed at facilitating the synthesis
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of water dispersible magnetite nanoparticles by using merely hydrophilic mPEG oligomers
in the thermal decomposition reaction of Fe(acac); and also extended their stability in
aqueous dispersions.

FTIR spectra of the as-synthesised particles were exhibited to compare with those
of the iron precursor and mPEG oligomers (Figure 1). Both mPEG-magnetite complex
spectra showed a strong signal at ~588 cm ™!, which is the characteristic signal of Fe-O
bonds of magnetite. Besides, the signals at ~1102cm ™" corresponding to C-O stretching
and at 3418-3369cm~' corresponding to O-H stretching indicated the presence of
mPEG in the complexes. It should be noted once again that an excess mPEG was
removed from the dispersions using dialysis technique. In addition, it is noteworthy
that ratio of the peak area of C—O bonds (~1103cm™') to Fe-O bonds (~588cm™") of
750 g/mol mPEG—magnetite complex (spectrum (d) in Figure 1) was higher than that
of 350 g/mol mPEG-magnetite complex (spectrum (c) in Figure 1), implying that 750 g/
mol mPEG-magnetite complex possessed more mPEG in its composition. In other words,
350 g/mol mPEG-magnetite complex might contain higher content of Fe;O4 in its
composition.

Percent weight loss of these complexes was determined via TGA technique to estimate
the percent of magnetite in the complex, which reflect the amount of mPEG oligomer

(@)

595 cm™!

Transmittance (a.u.)

1102 cm’

3418 cm?

(-OH) 1103 cm?
(C-O) (Fe-O)

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber ( cm™ )

Figure 1. FTIR spectra of (a) bare Fe;O4 (b) 750g/mol mPEG oligomers, (c) 350 g/mol
mPEG-magnetite complex and (d) 750 g/mol mPEG-magnetite complex.
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in their composition. It was assumed that the percentage yield of char is the weight percent
of iron oxide in the form of magnetite that remained after the decomposition of mPEG
oligomer at 600°C and the percentage of weight loss is the weight percent of mPEG in the
complex. The result showed about 66% Fe;04 in 350 g/mol mPEG-magnetite complexes
(34% polymer) and only 40% Fe;O4 in 750 g/mol mPEG-magnetite complex (60%
polymer) (Figure 2). It was rationalised that relatively high molecular weight of mPEG
(750 g/mol) might provide a thick polymeric surfactant layer on the particle surface with
OH groups coordinating on their surface [18,19,21-24]. This result was in good agreement
with those observed by FTIR, indicating higher percent of the polymers in 750 g/mol
mPEG-magnetite complex than the other one.

According to the TEM images and particle size distributions in Figure 3((a)—(d)), the
size of 350 g/mol mPEG-magnetite complex was ranging between 5 and 10 nm in diameter
with the average size of 7.8 +£1.4nm, while the size of 750 g/mol mPEG-magnetite
complex was ranging between 3 and 10nm in diameter with the average size
of 5.3+ 1.1nm.

A PCS technique was performed to determine the hydrodynamic diameter of the
as-synthesised particles in aqueous dispersions. The sizes of 350 g/mol mPEG-magnetite
complex and 750 g/mol mPEG-magnetite complex were 37.1 £ 1.0nm and 35.1 £0.4nm,
respectively (Figure 4). The sizes were significantly larger than those observed from TEM
technique probably because the particles occupied large volume of water due to the
presence of hydrophilic mPEG in the complex in combination with the presence of some
nanoscale agglomeration of multiple nanoparticles in water. In addition, there was some
large particle cluster of the 750 g/mol mPEG-magnetite complex observed in the PCS size
distribution histogram (size ~60-600 nm; Figure 4(b)). This phenomenon arose probably
owing to the entanglement of relatively long hydrophilic chain length of 750 g/mol mPEG
compared to those of 350 g/mol mPEG, which might influence the particle formation
and their dispersibility during the thermal decomposition reaction.

From XRD studies, the position and relative intensities of all diffraction signals
matched well with the characteristic peaks of magnetite crystal [29] (20 =30.2°, 35.6°,
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Figure 2. TGA thermograms of (a) 350 g/mol mPEG-magnetite complex and (b) 750 g/mol mPEG-
magnetite complex.



19: 08 31 January 2011

Downl oaded At:

Journal of Experimental Nanoscience 69

25 Average size = 7.8 + 1.4 nm ® Average size =53+ 1.1 nm
20 30
2 25
= 2 Ex
§ 5 g
10 10
5 5
0 0
5 € T 8 9 10 3 a 5 6 8 9 10
Size (nm) Size (nm)

Figure 3. (A) a TEM image, (B) a TEM image, (C) particle size distribution of 350 g/mol

mPEG-magnetite complex and
complex.

(D) particle size distribution of 750 g/mol mPEG-magnetite

Note: These samples were directly cast from aqueous dispersions.
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Figure 5. XRD patterns of (a) 350g/mol mPEG-magnetite complex, (b) 750g/mol
mPEG-magnetite complex and (c) an XRD pattern from the standard Fe;O4 powder diffraction
data (ICSD no. 01-075-0449).

43.3°, 53.7°, 57.2° and 62.7°) obtained from the standard Fe;O,4 powder diffraction data
(Figure 5). According to the Debye—Scherrer equation, the approximate particle sizes of
350 g/mol mPEG-magnetite complex and 750 g/mol mPEG—magnetite complex were 7.7
and 6.6 nm, respectively. These values are comparable to those determined from TEM
analyses. According to VSM analyses, these particles showed superparamagnetic
behaviour as indicated by the absence of magnetic remanence and coercitivity
(Figure 6). In addition, they exhibited saturation magnetisation (M) about 47 and
35emu/g magnetite, respectively. The higher M; in the 350 g/mol mPEG-magnetite
complex than the other one was attributed to their larger particle sizes, which in turn
influenced their magnetic properties.

Stability of particles in water is a major concern if they are anticipated for use in
medical application. Hence, the concentrations of magnetite nanoparticles that were stable
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Figure 6. Hysteresis curves of (a) 350 g/mol mPEG-magnetite complex and (b) 750 g/mol
mPEG-magnetite complex.

and well dispersible in aqueous dispersions were investigated as a function of time.
The dispersions were centrifuged once a week to precipitate unstable particles or large
aggregate that may arise and the percentage of Fe;O4 in the supernatant was analysed via
AAS technique. The initial concentrations of magnetite in water were about 0.2% wt/v for
350 g/mol mPEG-magnetite complex and 0.1% wt/v for 750 g/mol mPEG-magnetite
complex. Percentages of stable, dispersible magnetite in aqueous supernatant at each time
interval were compared to their initial magnetite concentrations. It was found that the
dispersions were stable in aqueous dispersions with insignificant aggregation after 6 weeks
of preparing (Table 1). This indicated that these stable magnetite dispersions might
be suitable for long-term applications.

Cytotoxicity testing was also performed to investigate their feasible uses in medical
applications. The mPEG—magnetite complexes were dried with freeze-drying technique
and sequentially diluted with water to obtain various concentrations with maximum
concentration up to 50 pg/ml. Cytotoxicity testing was performed against Vero cells via
sulforhodamine (SRB) assay method using 0.5% dimethylsulfoxide (DMSO) negative
control [30]. The results indicated that the samples were not toxic to vero cells with the
concentrations up to 50 pg/ml (supplementary data).

4. Conclusions

Water-dispersible superparamagnetic magnetites were synthesised by thermal
decomposition of Fe(acac); in mPEG oligomers having M, 350 or 750 g/mol. The use
of merely the iron precursor and mPEG oligomers made the reactions easy to scale-up for
mass production. FTIR evidenced the existence of hydrophilic mPEG in the complexes,
which consequently promoted their long-term stability and dispersibility in water.
From TEM result, the particle size of 350 g/mol mPEG-magnetite complex was
about 7.8 £1.4nm in diameter, while those of 750 g/mol mPEG-magnetite complex
was 5.3+ 1.1nm. The hydrodynamic size of 350 g/mol mPEG-magnetite complex and
750 g/mol mPEG—-magnetite complex were 37.1 £1.0nm and 35.1 £0.4 nm, respectively.
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Table 1. Stability of mPEG-magnetite complexes in water.

Percentage of Fe;O,4 dispersible in water after

0 Week 1 Week 2 Weeks 3 Weeks 6 Weeks
350 g/mol mPEG 100 99.6 99.5 99.4 99.3
750 g/mol mPEG 100 100 99.8 99.7 96.5

According to the calculation from the Debye—Scherrer equation, the sizes of 350 g/mol
mPEG-magnetite complex and 750 g/mol mPEG-magnetite complex were 7.7 and 6.6 nm,
respectively. The particles were stable in water with insignificant aggregation after 6 weeks
of synthesising. This approach thus offered a facile route to prepare water dispersible,
non-toxic magnetite nanoparticles having long-term stability in aqueous dispersions,
which is a key requirement for biomedical applications.
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