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Abstract Monodisperse iron oxide nanoparticles (NPs) of 4 nm were obtained
through high-temperature solution phase reaction of iron (III) acetylacetonate with
1, 2-hexadecanediol in the presence of oleic acid and oleylamine. The as-synthesized
iron oxide nanoparticles have been characterized by X-ray diffraction, transmission
electron microscopy, Mossbauer spectroscopy and magnetic measurements. The
species obtained were Fe;O4 and/or y-Fe,Os3. These NPs are superparamagnetic
at room temperature and even though the reduced particle size they show a high
saturation magnetization (MS ~ 90 emu/g).
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1 Introduction

The use of magnetic NPs in drug delivery offer exciting new opportunities, since
it is feasible to produce, and specifically tailor their functional properties for these
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applications. Thus, drug targeting to tumours would be desirable since anticancer
agents demonstrate non-specific toxicities that significantly limit their therapeutic
potentials [1]. In these applications, a drug is bound to a magnetic compound, intro-
duced in the body, and then concentrated in the target area by means of an external
magnetic field gradient. Then, the particles must release the drug by simple diffusion
or through mechanisms requiring enzymatic activity or changes in physiological con-
ditions such as pH, osmolality, or temperature; drug release can also be magnetically
activated using a thermosensitive grafted polymeric system (drug-polymer-magnetic
NPs composite) which can be triggered to release the loaded drug with an increase
in temperature, induced by an external alternating current magnetic field.

The key parameters in the behavior of magnetic NPs designed for such purposes
are related to: (1) surface chemistry, (2) size: magnetic core, hydrodynamic volume,
size distribution, (3) magnetic properties: superparamagnetism and high saturation
magnetization. Sufficiently reduced size of magnetic NPs is adequate to achieve
superparamagnetic regime, which is in turn needed to avoid magnetic agglomeration
once the magnetic field is removed. But small particle size implies a magnetic
response of reduced strength (i.e., a saturation magnetization diminished), making
it difficult to direct particles and keep them in the proximity of the target while
withstanding the drag of blood flow. On the other hand, negligible remanence and
coercivity inhibit agglomeration and the possible embolization of capillary vessels
is avoided.

A great number of NPs of different compounds are currently investigated, but
the magnetic iron oxide NPs are very attractive for biomedical applications due
to their biocompatibility. For this reason the aim of the present work is to verify
whether iron oxide magnetic NPs—synthesized following the recipe of Sun et al. [2],
with certain modifications to obtain a particle size lower than these authors—are
potentially suitable to be used as effective drug delivery system. The as-prepared
magnetic NPs are characterized by means of X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), Mossbauer spectroscopy (MS) and magnetic
measurements (MM).

2 Experimental

The iron oxide NPs were obtained by mixing iron (III) acetylacetonate (6 mmol),
1, 2-hexadecanediol (30 mmol), oleic acid (18 mmol), oleylamine (18 mmol), and
phenyl ether (60 ml). The mixture was magnetically stirred under a flow of nitrogen.
Then, it was heated to 473 K for 30 min and after, under a blanket of nitrogen, heated
to reflux (518 K) for another 30 min.

It is worth mentioning that to obtain a lowest final particle size; the reflux
temperature is 20 K lower than that proposed by Sun et al. [2]. The black—brown
mixture was cooled to room temperature by removing the heat source. Under
ambient conditions, ethanol (40 ml) was added to the mixture, and a black material
was precipitated and separated via centrifugation. The black product was dissolved
in hexane (30 ml) in the presence of oleic acid (~0.15 ml) and oleylamine (~0.15 ml).
Centrifugation (6,000 rpm, 10 min) was applied to remove any undispersed residue.
The product was then precipitated with ethanol, centrifuged (6,000 rpm, 10 min) to
remove the solvent, and redispersed into hexane.
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XRD patterns were obtained using a standard Philips PW-1710 diffractometer
with a scintillation counter and an exit beam graphite monochromator. Cu K«
(A = 1.5406 A) radiation was used to obtain data in the 10° < 26 < 100° range.

TEM micrographs were taken using a Philips CM200 microscope working at
160 keV.

Maossbauer spectra were obtained in transmission geometry with a 512-channel
constant acceleration spectrometer. A source of ’Co in Rh matrix of nomi-
nally 50 mCi was used. Velocity calibration was performed against a 6 um-thick
o-Fe foil. All isomer shifts (8) are referred to this standard. The temperature
between 25 and 298 K was varied using a Displex DE-202 Closed Cycle Cryogenic
System. The Mossbauer spectra were fitted using a commercial program named
Recoil [3]. Lorentzian lines with equal linewidths were considered for each spectrum
component.

The magnetic measurements were carried out using a Multipurpose Physical
Magnetic System superconducting quantum interference device from Quantum
Design. The magnetization versus magnetic field (M—H) loops were recorded at
2,5 and 300 K up to a maximum magnetic field of 50 kOe.

3 Results and discussion

The XRD data (not shown here) display the pattern corresponding to a cubic spinel
structure belonging to maghemite and/or magnetite. No evidence of hematite peaks
was detected.

After subtracting the instrumental broadening we applied the integral breadths
method [4] to separate size and strain broadening assuming that the first has a Cauchy
profile and the second a Gaussian profile. Using a parabolic relationship between the
convolution and both profiles proposed by Halder and Wagner [5] and a graphical
method, we obtained an average particle size of 3 nm.

TEM micrographs showed a narrow distribution of spherical NPs. Figure 1 shows
the corresponding histogram from where an average particle size of 4.0 & 0.5 nm was
estimated. Analysis of the ring diffraction patterns showed that the NPs present a
cubic spinel structure, with lattice parameters corresponding to Fe;O4/y-Fe,O3.

Strikingly, the room temperature Mossbauer spectrum does not show any absorp-
tion signal (Fig. 2). Coincidently, below the fusion temperature of oleic acid, i.e.
Ty = 281°K, a central broad signal starts to appear. Thus, the absence of resonance
above Ty can be due to the quasi-free motion of particles of small size coated by the
surfactant that increases the nucleus recoil energy.

We observe that a magnetic signal is partially resolved at 25 K. Notwithstanding,
the presence of a central signal and a curved background indicate that the blocking
of particle moments is not complete, i.e., a fraction remains in a superparamagnetic
regime. About 45% is in this regime, therefore, blocking temperature is very close
to 25 K.

We fitted this spectrum assuming two relaxation states following the Blume and
Tjon model [6]. We have considered six components, five of them to simulate the
partially magnetically ordered magnetite sites [7] and the other one to account for
the central signal. The hyperfine parameters are shown in Table 1. Comparing these
parameters with previous reported data [7, 8] for magnetite bulk we assign the B;
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components to Fe;O4. Note that hyperfine magnetic field of all sites are diminished
in comparison with the bulk values. This effect could be attributed to the collective
magnetic excitations produced by the small particle sizes [9]. The A component can
not be assigned to any determined species but considering that their isomer shift is
typical of Fe3* it could belong to Fe;Oy4 and/or y-Fe,Os.

The M-H loops are shown in Fig. 3. We observe that the curves are reversible
down to T = 5 K, where we observe a very low coercive field of Hc = 2 Oe (see
inset Fig. 1). Decreasing the temperature to 2 K, a hysteretic behavior is observed
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Table 1 Hyperfine parameters at 25 K

Species Sites H (kOe) 5 (mm/s) 2¢ (mm/s) %
Fe304 and y-Fe, O3 A 470 + 4 0.36 + 0.03 0.001 & 0.005 25+2
Fe;0y4 B 508 +2 0.46 4+ 0.02 0.03 4 0.04 1442
B, 473 £ 14 0.832 —0.272 542
B3 4662 1.032 —-0.412 9+4
B4 343 +£24 0.96% 0.74+0.5 241
Relaxing Fe3* - 3002 0.35 +0.04 02 45+£2

H hyperfine magnetic field, § isomer shift referred to x-Fe at 298 K, 2e quadrupole shift
#Parameter held fixed while fitting
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with H¢e = 105 Oe. The Mg/Mg ratio is ~0.14, which is far from the Mz/Mgs = 0.5
value predicted for independent NPs with uniaxial anisotropy [10]. Considering the
area of the 2K-hysteresis loop we estimated an effective anisotropy constant Ky ~
1.5 x 103 erg/cm?, which is within the order of magnitude of the bulk value [11].
Therefore, the surface anisotropy constant could be considered negligible. A satura-
tion magnetization Mg = 89 emu/g at T = 2 K was estimated assuming an M vs. H
dependence of type M = Mg(1-o/H) at high magnetic fields, where « is a fitting
parameter. This Mg, which is similar to that reported for bulk Fe;O4 (92 emu/g)
[11] reflects the spin disorder absence at NPs surface even though the small
particle sizes.

Generally, ferrimagnetic NPs present reduced Ms values when compared with
their bulk counterparts due to the spin disorder at the surface layer. For instance,
nanosized Fe;0,4 can show a reduction of 80-90% on its Mg value [12, 13]. On
the other hand, when these Fe;O4 NPs are coated with surfactants, the chemical
environment of the coating may also influence on the magnetic properties [11, 14].
The present results are in concordance with that obtained by Guardia et al. [11],
confirming that the O of the oleic acid molecules bonded covalently to the
nanoparticles are able to reduce the surface spin disorder and thus the surface con-
tribution to the anisotropy [11] Considering that these NPs are superparamagnetic at
room temperature with a high saturation magnetization, they would have potential
applications in biomedicine.
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4 Conclusions

We were able to synthesized monodisperse magnetic iron oxide NPs through the
reaction of metal acetylacetonate and 1,2-hexadecanediol. Through different charac-
terization techniques we determined a particle diameter of about 4 nm. The NPs
composition is a mixture of both ferrimagnetic iron oxides: Fe;O, and y-Fe, O3,
determined by Mdssbauer spectroscopy. The magnetic properties of these NPs are
very similar to that of the bulk system, perhaps due to the oleic coating effect. The
hydrophobic NPs could be transformed into hydrophilic ones by mixing with bipolar
surfactants, allowing preparation of aqueous NPs dispersions. These iron oxide NPs
and their aqueous dispersions could have a great potential in biomedical applications.
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