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A New Method for the Rapid Synthesis of Water Stable ACHTUNGTRENNUNGSuperparamagnetic
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The synthesis of water stable magnetic nanoparticles (NP)
is a research topic of great interest for the past few years.
These ferrofluids are used as contrast agents in magnetic
resonance imaging (MRI), magnetic drug delivery, and
cancer treatment through hyperthermia.[1] Particularly in the
field of MRI the use of NP as contrast agents has several ad-
vantages, such as the low toxicity of the iron oxide com-
pounds and the superparamagnetic behaviour, which lead to
a greater response for the same applied field compared to
paramagnetic agents.[2]

Nowadays the best method to obtain the iron oxide NP is
based on high-temperature decomposition of organic precur-
sors.[3] We have prepared monodisperse and highly crystal-
line NP with a mean hydrodynamic size of 7 nm (see Sup-
porting Information), coated with oleic acid and, therefore
only stable in organic non-polar solvents.[4] The major chal-
lenge in the development of NP for biomedical applications
is to make them hydrophilic, stable at physiological condi-
tions and without significant aggregation.

To implement such a modification, two different ap-
proaches are mainly used. One is the ligand exchange
method in which the oleic acid is replaced, at least partially,

by different hydrophilic compounds. The second methodolo-
gy is based on the formation of a bilayer by the use of am-
phiphilic molecules, with the aim of masking the oleic acid
layer. Despite the great progress made using these ap-
proaches, some major drawbacks are still present, such as
low exchange ratio, irreversible desorption of new surfac-
tants from the particle and a complicated surface modifica-
tion due to the dynamic nature of the outer layer.[5]

Here we report a new route to synthesize water-dispersed
superparamagnetic iron oxide (SPIO) and ultrasmall super-
paramagnetic iron oxide (USPIO) nanoparticles (Scheme 1).

We oxidized the double bond in oleic acid with potassium
permanganate, which led to the formation of azelaic acid in
the surface of the NP. The presence of this diacid on the sur-
face of the NP leads to a great stability of the colloid be-
cause of the hydrophilic character of this functional group.

Following our proposal, water stable particles have been
obtained, which show a great colloidal stability, and, more
important, are ready for further functionalization by cova-
lent bonding of bioactive molecules.
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Scheme 1. New approach for the preparation of water ferrofluids.
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The oxidation of the double bond is carried out by the
use of a typical oxidizing reagent such as potassium perman-
ganate. In order to obtain the required concentration of the
oxidant in an organic solvent, a phase-transfer catalyst, such
as benzyltrimethylammonium chloride (BTACl) was used.
The final step in the oxidation method was the cleavage of
an organomanganese intermediate, which formed between
the permanganate ion and the double bond both in acid or
basic media. For this reason, we will refer to the acid or
basic oxidation in the following discussion.

Fourier transform infrared (FTIR) spectroscopy was used
to characterize the composition of the NP after oxidation of
the double bond. Figure 1 displays the spectra for a) NP I
(acid method), b) NP II (basic method) and c) the original
hydrophobic NP. The spectrum in Figure 1c shows signals
corresponding to the oleic acid moiety at 2918 (na C�H),
2850 (ns C�H) and 1411 cm�1 (ds C�H). Another sharp band
is observed at 1621 cm�1 corresponding to the carbonyl
group. Finally, the Fe–O (magnetite) stretching signal ap-
pears at ñ 594 cm�1. The spectra in Figure 1a and b corre-
spond to the oxidized NP.

The formation of azelaic acid is supported by several
bands. First, there are three modifications in comparison
with spectrum in Figure 1c; the lack of the C�H signals due
to the minor number of CH2 groups, the broadened C=O
peak at 1625 cm�1 due to the presence of two carbonyl
groups in the molecule and the disappearance of the signal
at 1567 cm�1 assigned to double bond in oleic acid. Regard-
ing the structure of the carboxylate group in the surface of
the NP the three samples show a difference smaller than
200 cm�1 between the bands at 1625 and 1460 cm�1, which
implies a bridging coordination for the three samples.[6,7] On
the other hand, in the spectra of NP I and II, at least four
bands can be clearly assigned to the azelaic acid molecule at
ñ 984, 1036, 1126 and 1192 cm�1.[8] Finally, in the region be-
tween 850–250 cm�1, two main absorption bands around 590
and 398 cm�1 assigned to magnetite are observed.

It is clear that due to the strong oxidation process used
for the surface modification of the NP, a slight oxidation of
the iron oxide NP from magnetite to maghemite, at least on
the surface, takes place; this is indicated by the appearance
of two weak bands at 634 and 445 cm�1.[9] To further prove
the oxidation of the double bond the organic layer of the re-
action was analyzed by 1H NMR spectroscopy. The chloro-
form and hexane mixture were evaporated in vacuum and
the residue dissolved in deuterated chloroform. The signals
corresponding to the nonanoic acid are clearly observable
(d 0.90 (t, 3H), 1.27 (m, 10H), 1.66 (m, 2H) and 2.38 (t,
2H) ppm). Furthermore there is no evidence of the pres-
ence of oleic acid that could be removed from the surface in
the oxidation process (see Supporting Information).

The size of the hydrophilic nanoparticles, determined by
photon correlation spectroscopy (PCS) are 37�4 nm (PDI
0.18) for NP I (USPIO) and 70�7 nm (PDI 0.25) for NP II
(SPIO). The data shown here correspond to the z-average
value as measured by PCS. The z-average size is the most
important and stable number produced by this technique for
characterizing the hydrodynamic diameter of nanoparticles
in solution. This is the number required for quality control
purposes. PCS values can be obtained in a z-average size, or
the mean value of a distribution by intensity, volume or
number. In order to obtain meaningful results these values
must be similar. For the particles studied in our work, all
PCS measurements show great reproducibility and excellent
correlation between the different methods with which the
values were obtained. For example, the values for one of the
samples obtained with the oxidation in acid media are: z-
average=39 nm, intensity=43 nm, volume=27 nm and
number (size)=21 nm.

The differences in size between the two oxidation proto-
cols could be attributed to the considerable oxidation ca-
pacity of permanganate in acid media, allowing the use of a
lower concentration of the oxidant and the phase-transfer
catalyst. There is a small increase in the size of the NP from
the hydrophobic state to the water colloid. This degree of
aggregation and broadening of the size distribution of the
aggregates is unavoidable but can be drastically reduced by
using the method described in this work as can be seen from
the PDI values. By the method proposed here, particle ag-
gregation is minimum compared with previous reported
methods. One big advantage is that the particles are ready
for functionalization through covalent bonding in water.
These nanoparticles show high stability in water and no ag-
gregation with time, as can be seen in Figure 2 where the z-
average value is plotted versus time.

Another important feature of the NP regarding their sta-
bility in water is the z potential. This value was determined
by PCS; the results are shown in Figure 3. A similar profile
is obtained with both methods, but the stability for NP I is
higher (�46 mV) than for NP II (�20 mV) at physiological
pH. This can be attributed to the slightly higher agglomera-
tion of NP II compared with NP I, which leads to a smaller
number of carboxylic acids on the surface. These reactions
have been repeated at least 10 times and all samples showed

Figure 1. FTIR spectra of a) NP I, b) NP II and c) hydrophobic NP.
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similar hydrodynamic size, within the error and similar z

profile; this confirms the great control over the size and the
surface composition with just minor changes in the reaction.

Moreover, suspensions prepared by both methods, both in
acid and basic media, remained stable in water for months.
Furthermore, the z potential results confirm the conclusions
obtained from the FTIR and NMR analysis, as the isoelec-
tric point for these particles is
approximately 4.5 for NP I and
5.7 for NP II. These results are
in accordance with the pKa

values for azelaic acid which
are 4.53 and 5.33, supporting
the presence of the diacid in
the surface of the NP.

Transmission electron micro-
scopy (TEM) images were ob-
tained for the three types of
nanoparticles studied in this
work before surface modifica-
tion and after oxidation.
Figure 4 shows the low aggrega-

tion which occurred during the transition of the NP from
the hydrophobic state (Figure 4a) to water (NP I, Figure 4b
and c) at the same magnification (Figure 4a and b) and at
larger one (Figure 4c).

Although the oxidized particles are not self-assembled as
the hydrophobic ones, a certain distance between particles
can be observed which precludes the aggregation and forma-
tion of big lumps (for more TEM images, see Supporting In-
formation).

To study the magnetic properties of the suspensions, mag-
netization curves were performed for the hydrophobic NP
in hexane and both NP I and NP II (Figure 5). The three
samples show a superparamagnetic behavior with saturation
magnetization values of 87 emug�1 Fe for hydrophobic NP,
77 emug�1 Fe for NP I and 63 emug�1 Fe for NP II. The ex-
pected value for bulk magnetite at room temperature would
be 110 emug�1 Fe; this means that particles prepared in this
work have a certain degree of surface oxidation (as con-
firmed by FTIR spectra) which increases from the hydro-
phobic to hydrophilic samples.

The different susceptibility at low field can be related to
the size of the aggregate in the suspension in such a way,
that greater susceptibility corresponds to sample NP II with
a larger aggregate size. These results are in agreement with
the hydrodynamic sizes measured by PCS.

Finally, to test the behavior of this hydrophilic NP as con-
trast agents for MRI, we measured the longitudinal (T1) and
transversal (T2) relaxation times (Figure 6). For NP I the
values for r1 and r2 are 4 s�1mm

�1 and 115 s�1mm
�1, while for

NP II the values are 2.3 s�1mm
�1 and 110 s�1mm

�1, respec-
tively. Because of the high r1 value, mainly for NP I, these
particles can be used either as T1 or T2 agents depending on
the imaging sequences and parameters chosen.

We have developed a new general approach for transfer-
ring oleic acid coated nanoparticles into water. Compared to
other common methodologies, the one presented here has
several advantages: First, particles with mean hydrodynamic
sizes of 37 and 70 nm are obtained, with a high reproducibil-
ity; previously it has been rather difficult to particles in this
critical range of 30–80 nm. Second, the process described
here is much more economical than approaches which use
very expensive surfactants such as phospholipids. And third,

Figure 2. Hydrodynamic size evolution with time for NP I (&) and II (&).

Figure 3. Profile of the z potential versus pH for the oxidized particles,
NP I (&) and II (&).

Figure 4. TEM images of iron oxide nanocrystals a) hydrophobic NP, scale bar is 50 nm; b) and c) hydrophilic
NP via acid oxidation (NP I), scale bars are 50 and 20 nm, respectively.
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further surface functionalization of these particles is possible
through covalent bonding in water; this would render the
particles even more stable compared with other particles ob-
tained by other approaches. This application is currently
under investigation. Thus, we believe that this new method-
ology can be used as a new standard for transferring oleic
acid nanoparticles into water, so that this approach will be

of a great interest for those working in the development of
new bioactive materials.

Experimental Section

Synthesis of hydrophobic NP : The nanoparticles were synthesized by
using iron acetylacetonate as precursor and phenyl ether as the solvent.
A mixture of Fe ACHTUNGTRENNUNG(acac)3 (0.71 g, 2 mmol), 1,2-hexadecanediol (2.38 g,
10 mmol), oleic acid (1.69 g, 6 mmol), oleylamine (1.60 g, 6 mmol) and
phenyl ether (20 mL) were added to a three-neck flask. Then, the reac-
tion mixture was heated under mechanical stirring and a flow of nitrogen
gas until a temperature of 200 8C was reached. This temperature was
kept for 120 min and then the solution was heated to reflux (254 8C) for
30 min under nitrogen. Subsequently, the solution was cooled to room
temperature. To remove the side products, ethanol was added to the reac-
tion mixture and the resulting solution was centrifuged at 8500 rpm for
10 min. The supernatant was decanted; hexane (20 mL) and oleic acid
(0.05 mL) were added to the nanoparticles and the suspension was centri-
fuged at 8500 rpm in order to remove aggregates and to obtain a stable
suspension.

Synthesis of NP I (oxidation in acid conditions): KMnO4 (0.3 g,
1.9 mmol) and benzyltrimethylammonium chloride (BTACl) (0.8 g,
4.3 mmol) were dissolved in chloroform (60 mL). This solution was
added to a concentrate dispersion of NPs coated with oleic acid in
hexane/chloroform (20 mL/20 mL); then the solution was mechanically
stirred and heated under reflux for 4 h. After this time, an AcOH/AcO�

buffer (50 mL, pH 2.9) wass added and the mechanical stirring and heat-
ing was continued for 20 h. After cooling NaHSO3 (3N2 mL) was added
to eliminate excess of permanganate. Finally, the dispersion was washed
several times with water and chloroform to obtain a colloidal dispersion.

Synthesis of NP II (oxidation in basic conditions): KMnO4 (0.5 g,
3.2 mmol) was dissolved in chloroform (40 mL), together with BTACl
(1 g, 5.4 mmol). The solution was added to a concentrate dispersion of
NP coated with oleic acid in hexane/chloroform (20 mL/20 mL). The mix-
ture was heated under reflux and mechanically stirred for 4 h; then
NaOH (1%, 20 mL) solution was added under heating and stirring for
another 32 h. After cooling, NaHSO3 was added (3N2 mL) to eliminate
the excess of permanganate. Finally the dispersion was washed several
times with water and chloroform to obtain a colloidal dispersion.

Relaxometry : All images were acquired in a Bruker Biospec spectrome-
ter (Bruker Biospec 47/40, Bruker Biospin, Germany) equipped with an
11.2 cm gradient probe capable of producing gradients of up to
200 mTm�1. Images to obtain a T2 parametric map were acquired using a
normal spin echo sequence consisting of 908 pulse and a train of equally
spaced 180 pulses with switching phases (Carr–Purcell–Meiboom–Gill–
Hill pulse sequence). Images were acquired with 20 TEs (6–120 ms) and
with a TR of 5 s. Other imaging parameters included 100 kHz spectral
width, 6 cm square field of vision, 2 mm slice thickness, and 64N64 ac-
quisition matrix size. A T1 parametric map was extracted from saturation
recovery imaging data using a single spin echo sequence with the shortest
TE for our equipment and sequence parameters (6 ms) and variable TR
from 50 to 3000 ms, tailored to provide sampling times with adequate
coverage of the T1 recovery curve. Other imaging parameters included
were identical to T2 acquisitions. Both T1 and T2 values were obtained
from nonlinear least squares fitting routines included in commercial soft-
ware (Bruker Paravision 3.0, Bruker Biospin, Germany).

Magnetic measurements : Magnetic characterization of the samples was
carried out in a vibrating sample magnetometer using 100 mL of solution
in a special sample holder. Magnetization curves were recorded at room
temperature by first saturating the sample in a field of 1 T. The magneti-
zation values were normalized to the amount of iron to yield the specific
magnetization (emug�1 Fe). The initial susceptibility (c) of the suspen-
sions was measured in the field range �100 Oe and the saturation mag-
netization values (Ms) were evaluated by extrapolating to infinite field
the experimental results obtained in the high field range where the mag-
netization linearly increases with 1/H.

Figure 5. Main panel: magnetization curves at 298 K for hydrophobic NP
(D), NP I (*) and NP II (&). Inset: enlargement of the magnetization
curves between �100 and 100 Oe.

Figure 6. Plot of the relaxation rate a) T1 and b) T2 against iron concen-
tration for NP I.
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